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Zusammenfassung 
 
Diese Arbeit untersucht das Aufwachsen von GaP auf Si(100)-Oberflächen mittels 
metallorganischer Gasphasenabscheidung (MOVPE) und die damit verbundene 
Entstehung von Antiphasendomänen (APDs). Dünne GaP-Schichten auf Si(100)-
Substraten dienen als gitter-angepasstes Modellsystem für die entscheidende III-
V/Si(100)-Grenzfläche für die Herstellung Si-basierter Quasi-Substrate. Die Ver-
messung der Substratoberfläche, der Grenzfläche und der heteroepitaktischen 
Filme, die beim Nukleationprozess entstehen, mit oberflächenempfindlichen 
Messverfahren dient der Etablierung der Substratbehandlung für ein nachfolgen-
des GaP-Wachstums frei von APDs. Eingehende Untersuchungen in der MOVPE-
Umgebung und entsprechende Verbesserungen der Anlage und der Substratpräpa-
ration führten zu reinen Si(100)-Oberflächen, frei von Sauerstoff und anderen 
Verunreinigungen, die mittels Röntgenphotoelektronenspektroskopie nachgewie-
sen wurden. Vorwiegend doppelgestufte Si(100)-Oberflächen, die eine Vorausset-
zung für eine nachfolgende III-V-Integration sind, wurden auf um 0.1°, 2° und 6° 
fehlorientierten Substraten erzielt. Im Widerspruch zur etablierten Präparation von 
Si(100) im Ultrahochvakuum waren die Dimere auf 0.1° und 2° Proben senkrecht 
zu den Doppelstufenkanten ausgerichtet. Dieser entscheidende Unterschied wurde 
der Präsenz von Wasserstoff in der MOVPE zugesprochen, die zu einer durch  
Infrarotspektroskopie nachgewiesenen Monohydridterminierung nach der Präpa-
ration führt, die aber, wie mittels Reflexions-Anisotropie-Spectroskopie (RAS) 
gezeigt, bei höheren Prozesstemperaturen nicht vorliegt. Für die GaP-
Heteroepitaxie auf diesen Substraten wurde ein optisches in-situ Messverfahren 
für die quantitative Bestimmung des APD-Gehaltes entwickelt. Das Verfahren 
beruht auf einem eingehenden Verständnis der Oberflächenrekonstruktionen von 
GaP(100) sowie der Entwicklung der damit zusammenhängenden RAS-
Signaturen, das durch den Vergleich der in-situ Signale mit Messungen durch Ras-
tertunnelmikroskopie und Beugung niedrigenergetischer Elektronen untermauert 
wurde. Die APD-Quantifizierung mittels RAS wurde durch empirische Korrektur 
von Interferenzeffekten deutlich verbessert. Die Entwicklung optischer Modell-
rechnungen erlaubte zudem die optische Anisotropie der GaP/Si(100)-
Heterogrenzfläche aus RAS-Messungen abzuleiten. Der Abgleich der optischen 
in-situ Quantifizierung mit mikroskopischen Methoden, basierend auf niedrig-
energetischen Elektronen (LEEM), Elektronentransmission (TEM) und Raster-
kraftverfahren (AFM), die verschiedenartige Visualisierungsmöglichkeiten für 
APDs erlauben, bestätigt die erzielten Ergebnisse. Die Kombination all dieser 
Methoden diente der Verbesserung der MOVPE-Prozesse, bestehend aus Sub-
stratbehandlung sowie GaP Nukleation und Wachstum.  
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Abstract 
 
The present work investigates the formation of GaP films prepared on Si(100) 
surfaces and their anti-phase disorder in metalorganic vapor phase epitaxy 
(MOVPE) ambients. GaP films grown on Si(100) substrates served as a lattice 
matched model system for the crucial III-V/Si(100) interface to form silicon-
based quasi substrates. A variety of surface-sensitive methods was required to 
establish suitable silicon substrate preparation and subsequent GaP growth free of 
anti-phase domains (APDs) by analyzing the substrate surface, the interface and 
the epitaxial films resulting from the heteroepitaxial nucleation process. Thorough 
investigations in the MOVPE ambients and an appropriate improvement of the 
equipment and of the VPE preparation process of the substrates led to clean 
Si(100) surfaces free of oxygen and other contaminants, as was evidenced by X-
ray photoelectron spectroscopy. Predominantly double-layer stepped Si(100) sur-
faces, as a prerequisite for subsequent III-V integration, were obtained for 0.1°, 2° 
and 6° misorientation in [011] direction. In contrast to standard preparation in 
ultra-high vacuum (UHV), the double-layer steps on 0.1° and 2° samples featured 
dimers oriented perpendicular to the step edges, contradicting well-established 
results with and without hydrogen coverage obtained in UHV. This striking differ-
ence was attributed to the presence of hydrogen as a process gas in the MOVPE 
environment leading to a silicon surface covered by monohydrides after substrate 
preparation, as was determined by Fourier-transform infrared spectroscopy 
(FTIR), while reflectance anisotropy spectroscopy (RAS) showed the absence of 
hydrogen termination at higher temperatures. On these substrates, optical in situ 
spectroscopy was established as a method for the quantitative evaluation of the 
APD content in GaP heteroepitaxy. The analysis required a detailed understanding 
of the GaP(100) surface reconstructions, which have been described theoretically 
in the literature and agree very well with InP(100) surface reconstructions, as well 
as the development of the corresponding RAS signatures, gained by benchmark-
ing the optical in situ signals with STM and LEED results. APD quantification by 
RAS was greatly improved by an empirical correction of the in situ spectra taking 
thin film interferences into account. In addition, optical model calculations were 
developed to extract the anisotropy of the GaP/Si(100) heterointerface from the 
RAS signals by separation of surface, bulk and interface contributions. The quan-
titative in situ analysis concept was compared to and supported by low energy 
electron microscopy (LEEM) experiments, which were established for APD quan-
tification and APD visualization on a mesoscopic length scale, as well as atomic 
force microscopy (AFM) and transmission electron microscopy (TEM). Bench-
marking of all of these methods served to improve the MOVPE process consisting 
of Si substrate conditioning and GaP nucleation and growth. 
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1 Introduction 
1.1 Motivation: High efficiency photovoltaics on Si(100) substrates 
Solar cells enable renewable power supply by direct conversion of solar radiation 
into electric energy. Light absorption in semiconductor materials generates elec-
tron-hole pairs which can be separated by p/n-junctions. In principle, the conver-
sion efficiency is limited by matching the band gap of the utilized semiconductors 
with the continuous distribution of photon energies in the solar spectrum (Figure 
1). Transmission of the radiation occurs below the band gap, while almost imme-
diate thermalization of charge carriers after absorption process essentially con-
fines the yield per photon to the band gap energy. Accordingly, Shockley and 
Queisser [1] calculated an upper theoretical limit for the conversion efficiency of 
a conventional single-junction solar cell in the range of 30%. 
 
Figure 1: Standard solar spectrum defined by ASTM G-173-03 for terrestrial irradiance 
considering an effective air mass of 1.5 atmospheres. Colored lines indicate the absorption 
edges of a typical semiconductor combination applied in current triple-junction solar cells, 
while the colored area shows an upper limit for the achievable electrical yield only consider-
ing transmission below the band gaps and thermalization of the charge carriers to the band 
edges.  
As shown in Figure 1, light transmitted through an individual solar cell can still be 
exploited by another one with a lower band gap, which enables increasing the 
overall conversion efficiency. Serial connection of multiple single-junction sub-
cells with different band gaps creates so-called multi-junction solar cells which 
already achieved conversion efficiencies significantly above 40% under concen-
trated sunlight [2]. Present high-efficiency multi-junction solar cells typically con-
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sist of two different III-V semiconductor sub-cells grown by metal-organic vapor 
phase epitaxy (MOVPE) on Ge(100) substrates (Figure 2). Striving for large scale 
terrestrial application of multi-junction solar cells in concentrator photovoltaics, 
the high abundance of silicon, in particular compared to conventional substrate 
materials such as gallium arsenide, indium phosphide and germanium is just one 
source of the desire to utilize Si(100) instead. Due to the superior manufacturing 
experience associated with the mature microelectronic industry, Si(100) substrates 
are produced with high purity, large wafer sizes and in significant quantities. In 
general, silicon features desirable values of crucial material properties such as 
hardness, mechanical integrity and thermal conductivity, which are less pro-
nounced for classical III-V semiconductors. 
1.2 State-of-the-art: III-V semiconductor heteroepitaxy on Si(100) 
Beyond supplying economically and technologically advantageous quasi-
substrates for multi-junction solar cells and other important applications such as 
lasers and LEDs, the technological interest in the superior electronic and optoelec-
tronic properties of III-V semiconductors promotes the research in heteroepitaxy 
on silicon (Si) substrates for integration in established microelectronics. Hence, 
intense research for heteroepitaxial III-V integration on Si(100) substrates was 
started already in the early 1980s [3]. 
 
Figure 2: Band gap energies of classical elemental and III-V compound semiconductors over 
lattice constants. Solid and dashed black lines indicate ternary III-V materials, the enclosed 
area is available as quarternary or higher order compounds. Admixture of antimony and 
nitrogen may extend the range of material combinations significantly. Lattice matched het-
erostructures such as multi-junction solar cells can be grown on gallium arsenide, germa-
nium (marked blue) and InP (marked red), while heterostructures on silicon (marked green) 
either involve significant lattice mismatch or the application of dilute nitrides. 
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The plot of classical III-V and elemental semiconductor band gap energies over 
lattice constants shown in Figure 2 summarizes potentials and challenges for the 
manufacture of epitaxial device structures. In general, the growth of ternary or 
higher order III-V compounds enables arranging and combining direct band gap 
energies according to the desired applications, but preserving highest epitaxial 
quality in a device structure usually requires maintaining the lattice constant of the 
substrate. Early III-V double-junction solar cells based on the growth of InGaP 
top cells after established homoepitaxial integration of GaAs bottom cells. Current 
high-efficiency triple-junction solar cells [2] combine this tandem configuration 
with Ge(100) substrates that are simultaneously used as low band gap bottom cell 
(Figure 1). Due to the serial connection of the individual sub-cells, current match-
ing is required to extract the highest output power. The integration of further sub-
cells requires implementation of intermediate band gap energies in the range of 
1.0 eV, not available on the lattice constants of GaAs and Ge. Hence, the integra-
tion of multi-junction solar cells on the lattice constant of InP represents a promis-
ing alternative [4], but the cost and availability of the substrate material is an is-
sue. In contrast to Ge(100) substrate, the heteroepitaxial integration of classical 
III-V compound semiconductor on Si(100) substrates always requires a major 
change of the lattice constant, in particular to reach the composition regime of 
direct band gap materials.  
Major challenges have to be met at the III-V/Si heterojunction [3]; several severe 
issues are related to crucial differences in general material parameters on the one 
hand and to the formation of the heterovalent (polar-on-non-polar) interface on the 
other hand. Compared to standard homoepitaxial III-V layers, heteroepitaxy on 
Si(100) has to face critical defect mechanisms including: 
i. lattice mismatch (Æ misfit dislocations) 
ii. different thermal expansion (Æ strain after growth)  
iii. interdiffusion (Æ undesired cross-doping) 
iv. polarity of the interface (Æ violation of charge neutrality) 
v. anti-phase disorder (Æ anti-phase boundaries) 
1.3 Outline: GaP/Si(100) interfaces and anti-phase disorder   
In contrast to other III-V compound semiconductors, gallium phosphide is almost 
lattice matched to silicon (Figure 2). Below the critical layer thickness at which 
the accumulated strain enforces lattice relaxation by the formation of misfit dislo-
cations, GaP/Si(100) heteroepitaxy results in pseudmorphic films which represent 
an ideal III-V/Si(100) model system for the investigation of issues related to the  
polar on non-polar interface in the absence of other defect mechanisms related to 
the differences in lattice constants and thermal expansion coefficients. Simultane-
ously, well-ordered heteroepitaxial GaP/Si(100) surfaces could potentially be used 
as quasi-substrates for the integration of III-V-based optoelectronic devices on 
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Si(100) substrates either via graded buffer layers [5] or by the development of 
adequate dilute nitride III-V compounds lattice matched to Si(100) [6]. 
 
Figure 3: Schematic diagram of the formation of anti-phase disorder due to III-V heteroepi-
taxy on a Si(100) substrate. Single-layer steps of the Si(100) surface induce anti-phase 
boundaries (APBs) which penetrate through the film and can be subject to self-annihilation, 
while double-layer steps on the substrate prevent the formation of APBs during nucleation. 
The schematic diagram of Figure 3 illustrates the formation of anti-phase disorder 
– one of the most crucial defect mechanisms in III-V/Si(100) heteroepitaxy – at an 
idealized GaP/Si(100) interface. Although the crystal structures as well as the lat-
tice parameters are very similar, zinc blende GaP exhibits a reduced symmetry to 
diamond cubic Si. While silicon (100) surfaces can develop both monatomic or 
biatomic layer steps, GaP(100) always forms biatomic surface steps. During GaP 
nucleation, single-layer steps of the Si(100) substrate initiate anti-phase bounda-
ries (APBs), which propagate with growth and separate anti-phase domains 
(APDs). For the fabrication of high-performance optoelectronic devices, a signifi-
cant reduction of defect concentration is required and can only be achieved if anti-
phase disorder is suppressed, either by double-layer step formation on the Si(100) 
substrate or by pair wise self-annihilation of APBs during growth of the GaP layer. 
The present work reports about detailed interface investigations dedicated to the 
control of anti-phase disorder during early stages of heteroepitaxial GaP integra-
tion on Si(100) in a production-oriented MOVPE reactor. In an ambient deter-
mined by continuous process gas flow, the preparation and atomic structure of 
Si(100) surfaces differs significantly from standard UHV-based results (chapter 
 3). Thorough evaluations of GaP(100) surface structures and the associated in situ 
RAS signatures (chapter  4) enabled the development of a quantitative in situ 
probe of III-V/Si(100) anti-phase disorder (chapter  5), which has been bench-
marked with conventional ex situ characterization techniques as well as with dif-
ferent surface science techniques. 
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2 Experimental  
2.1 Metal-organic vapor phase epitaxy 
The application of specifically designed metal-organic (MO) precursor molecules 
enables epitaxial growth of various materials, in particular of compound semicon-
ductors, by chemical vapor deposition (CVD) processes. The required chemical 
elements for the formation of epitaxial layers are provided at the substrate surface 
by thermal decomposition (pyrolysis) of metal-organics or metal hydrides. In con-
trast to molecular beam epitaxy (MBE), the growth process is a chemical reaction 
under process gas flow at moderate pressure, and not physical deposition in ultra-
high vacuum (UHV). Due to advantages such as industrial scalability, reliable 
process control and established preparation of phosphorus containing III-V com-
pounds, MOVPE has become the dominant process for the manufacture of laser 
diodes, multi-junction solar cells, and LEDs. 
Most sample preparation processes reported in this work have been conducted in a 
modified commercial MOVPE reactor (Aixtron AIX 200), a traditional horizontal 
low-pressure reactor with an inner quartz liner and an outer quartz reactor. The 
graphite susceptor is heated by infrared lamps. Either H2, purified in a palladium 
cell, or N2, purified in a getter column, were utilized as the carrier gases at pres-
sures between 50 mbar and 950 mbar and at a total gas flow rate of 5.5 l/min. The 
applied precursor sources include tertiarybutylphosphine (TBP) and triethylgal-
lium (TEGa) for GaP growth and dilute silane (SiH4) for the deposition of silicon 
buffer layers. As a requisite for their subsequent transfer to UHV (section  2.1.2), 
samples were clamped to a specifically designed molybdenum sample holder, 
which was fitted into an appropriately profiled niche engraved into the graphite 
susceptor. Refs. [7], [8] describe the utilized MOVPE equipment in more detail. 
However, the investigation of III-V heteroepitaxy on Si(100) presented in this 
work required several modifications of the MOVPE system which include: 
i. An upgrade of the infrared heating system increased the maximum electrical 
input power from 6.0 kW to 9.6 kW provided the capability to reach process 
temperatures of up to 1050°C, which covers the relevant temperature range for 
the investigation of Si(100) surface preparation.  
ii. The installation of a nitrogen purged double-O-ring system provided enhanced 
protection of the sample preparation processes against extrinsic contamina-
tions such as oxygen by diffusion from the ambient atmosphere. 
iii. An extension of the precursor supply system also included the installation gas 
source inlets enabling the use of gaseous group IV precursors for the growth 
of essential buffer layers on non-polar substrates such as Si(100). 
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iv. The enhancement of optical in situ monitoring instrumentation (LayTec Epi-
Curve TT and EpiRAS TT) also provided the capability for emissivity-
corrected surface temperature measurement, which identified pressure de-
pendent deviations between the crucial surface temperature of the samples and 
the thermocouple-controlled process temperature in the susceptor. 
Several epitaxy processes were conducted in a different, but very similar MOVPE 
reactor system (Aixtron AIX 200-GFR), which is described by Ref. [9] in detail. 
2.1.1 Substrates and wet-chemical pretreatment of Si(100) 
Our investigation of the VPE preparation of Si(100) surfaces started with different 
substrates misorientated by 0.1°, 2° and 6° in [011] direction, which were either 
covered by a thin, protective oxide layer [10] from wet-chemical pretreatment or 
just native oxides for comparison. In detail, the wet-chemical procedure involved 
cleaning in an ultrasonic bath (organic solvent), boiling in ammonium hydroxide 
(NH4OH)-based solution prior to dilute HF-dip (3% in deionized water), final 
boiling in hydrochloric acid (HCl) based solution as well as rinsing in deionized 
water between all steps as described by Ref. [10]. GaP homoepitaxy experiments 
were conducted for reference on sulphur-doped (2 × 1018 dopants/cm3), exactly 
oriented GaP(100) substrates.  
2.1.2 Essential process steps for sample preparation 
The present work describes the reliable removal of protective oxide layers in a 
MOVPE reactor from Si(100) substrates by thermal annealing in hydrogen in de-
tail (section  3.2). Also, the growth of Si buffer layers via dilute SiH4 at tempera-
tures below 1000°C and the effect of subsequent cooling to the applied GaP 
growth temperatures were studied. X-ray photoelectron spectroscopy (section 
 2.3.1) verified the absence of any contaminations besides hydrogen (not detect-
able) and minor arsenic adsorbates due to previous III-V deposition processes on 
the Si(100) surface after preparation. To avoid an impact of As on the Si(100) sur-
face structures [11] [12], thorough conditioning of the MOVPE reactor reduced 
the As concentration to about the XPS detection limit (roughly 1% of a monolayer 
in our instrument). Probably, most of the residual As adsorbed during the low 
pressure conditions required for the UHV-transfer, when the samples were already 
cooled well below the process temperature and no further reaction with the 
Si(100) surfaces was expected. 
Heteroepitaxial GaP deposition started with pulsed low-temperature nucleation in 
the range of 400°C to 450°C consisting of alternating injections of the precursors 
TBP and TEGa. Subsequently, the growth temperatures for the actual GaP films 
on the Si(100) substrates were usually fixed in the range of 600°C as typically 
also chosen for GaP homoepitaxy. Most GaP/Si(100) processes were stopped well 
before reaching the relaxation thickness of the GaP top layer, yielding pseudo-
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morphic films with different thicknesses typically in the range of 15 nm to 100 
nm. 
Deoxidation of the GaP(100) and InP(100) substrates was achieved by annealing 
at 630°C for 5 minutes using H2 as carrier gas. Thermal decomposition of the III-
V surfaces during annealing was prevented by TBP supply (at a partial pressure of 
about 20 Pa) in the MOVPE reactor, which stabilizes their P-rich termination. Af-
terwards, heteroepitaxial GaP/Si(100) and GaP(100) reference surfaces can be 
treated alike as verified (section  5.3.1) and described in much detail (section  4.2) 
by the present study. For the visualization of APD structures as height contrast 
(section  5.1.1), a specific annealing procedure was applied to the samples after 
growth which involves heating to about 700°C for a period of 10 minutes without 
or with low TBP supply. 
2.1.3 Sample transfer to ultra high vacuum 
Subsequent to preparation in the MOVPE reactor, many samples were directly 
transferred to UHV utilizing a dedicated transfer mechanism to a mobile chamber 
[13] to provide unique contamination-free access for advanced surface characteri-
zation. On the one hand, MOVPE is the method of choice for manufacturing epi-
taxial III-V devices often involving heterointerfaces as their most critical compo-
nents, on the other hand only very few surface sensitive instruments are available 
in process gas environments and the surfaces rarely remain stable during sample 
transport through air. Although RAS (section  2.2.1) is applicable for the in situ 
identification of surface structures, there is no intuitive interpretation of RAS data. 
The assignment of characteristic spectra to specific surface reconstructions and 
the determination of the influence of other surface features on the shape and inten-
sity of RAS peaks require extensive comparison with UHV-based surface science 
techniques such as XPS (section  2.3.1), LEED (section  2.3.2), STM (section 
 2.3.3) and LEEM (section  2.3.5). The principles of this benchmarking process, the 
MOVPE to UHV transfer concept and the utilized experimental equipment are 
described by Ref. [14] in more detail. 
2.1.4 Access to remote instrumentation 
While the experimental set-up of our standard surface characterization tools such 
as XPS and LEED was designed to match with the specific sample carrier design 
developed for MOVPE processing and subsequent UHV transfer, access to more 
sophisticated techniques usually requires adjustment of the sample carrier and 
longer transfer distances. In the case of the LEEM results reported in this work 
(section  5.6), we demonstrated contamination-free UHV transfers to a remote in-
strument located at the TU Clausthal (in a distance of about 300 km from the HZB 
in Berlin) and sample exchange between incompatible carrier systems. In contrast 
to the compact molybdenum MOVPE sample holder, standard LEEM carriers are 
loaded in air and provide an integrated filament for radiant and electron impact 
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heating to enable surface cleaning by thermal annealing in UHV. To connect both 
systems, we utilized an established adaptor concept to insert significantly smaller 
standard STM carrier plates in the MOVPE holder and designed a specific UHV 
lock scheme for the switch-over to the LEEM instrument. Particular modifications 
of the different sample carrier systems for transfer and the success of the subse-
quent LEEM measurements include the integration of a guide rail for the STM 
plates in the LEEM carriers and the implementation of sample-sized notches and 
retaining springs on the STM plates, which had to be manufactured completely 
out of MOVPE-compatible molybdenum. 
A different concept for access to remote surface characterization techniques is to 
re-prepare the surface features of interest after transport through air and requires 
the capability to conduct adequate processing in the destination instrument. For 
the indirect characterization of Si(100) substrates after GaP deposition presented 
in this work, we realized the transport of specifically grown samples to a different 
MOVPE reactor capable for optical in situ characterization, where we succeeded 
in the re-preparation of the P-rich surface reconstruction required for further 
analysis. 
2.2 In situ process control 
Reliable in situ control over epitaxial processes is of major interest for industrial 
manufacturing of optoelectronic devices. In particular, the stoichiometry of com-
pound semiconductor surfaces is essentially influenced by the type of surface re-
construction and selective preparation is desirable for controlling crucial III-V 
heterointerfaces. In the case of MOVPE, the presence of carrier gases during 
processing limits the availability of in situ measurement techniques, in particular 
of surfaces sensitive ones. Simultaneously, the need for in situ optical surface 
characterization even increases due to certain surface structures, which are typical 
for MOVPE preparation, but hard to reproduce without the presence of a process 
gas such as the P-rich surface reconstructions of GaP(100) and InP(100). As 
shown in the present work by the example of Si(100), surface preparation in a 
common MOVPE reactor can lead to fundamentally different results than ex-
pected according to the comprehensive knowledge obtained by UHV experiments 
over decades. 
2.2.1 Reflectance anisotropy spectroscopy 
Reflection anisotropy spectroscopy (RAS) is a very surface sensitive optical probe 
that is applicable for in situ observation in the MOVPE environment [15] and en-
ables the identification of the atomic surface structures. RAS measures the differ-
ence rΔ  in the complex Fresnel reflection indices r  along two perpendicular 
crystal axes x  and y , normalized to their sum [16]: 
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Applied to cubic crystals without bulk anisotropy, the RAS signal provides access 
to the reduction of symmetry represented by the surface and its reconstruction. A 
detailed description of the RAS technique and a set-up similar to that used in this 
work can be found in the work of Aspnes et al. [17]. In the present study, most 
MOVPE preparation processes were monitored by a commercially available in 
situ RAS spectrometer (LayTec EpiRAS 200 or EpiRAS 200 TT). Besides the 
type of surface reconstruction, the impact of several other factors changes the 
shape and intensity of RA spectra. The influences by the sample temperature, the 
atomic order of the surface, the presence of adsorbates, the domain structure of the 
sample and the dimer orientation on the surface had to be considered separately 
for the interpretation of the RAS data presented in this work. 
Specific RA spectra in the regime of ambient and growth temperatures were taken 
directly in the MOVPE reactor. In contrast, measurements at low temperature (-
250 °C) were conducted in a UHV system utilizing a dedicated MOVPE to UHV 
sample transfer system which was also used to correlate RAS ‘fingerprints’ with 
the actual surface reconstructions identified in UHV [13] (and references therein). 
In specific in situ experiments the sample temperature was ramped up with 1.5 
K/min at 50 mbar under pure hydrogen flow in order to monitor and observe tran-
sitions between different surface reconstructions in detail. Meanwhile, RA spectra 
were taken continuously (5 min per spectrum), and so the changes of the RA spec-
tra and the temperature are represented in color-coded 2D plots over photon en-
ergy and temperature (‘colorplot’). 
2.2.2 Curvature sensor and surface temperature 
We acquired an alternative optical in situ characterization technique (LayTec Epi-
Curve TT), which allowed reliable surface temperature measurement by emissiv-
ity corrected pyrometry. Its application during Si(100) surface preparation proc-
esses was essential for the accurate interpretation of our results. The instrument 
and, in particular, its primary application for the control of strain induced bowing 
of substrates due to lattice mismatched graded buffer layers on GaP(100) and het-
eroepitaxially grown GaP/Si(100) quasi-substrates is described by Ref. [5] in de-
tail.  
2.2.3 Mass spectroscopy  
To obtain complementary in situ information about the vapor phase composition 
during the MOVPE processes, we installed a commercially available mass spec-
trometer (Hiden Analytical 301/3F) at the UHV compartment of our MOVPE sys-
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tem, which probes the process gas via throttled bypass line. Conclusive results 
about the decomposition products of protective oxide films during thermal anneal-
ing of Si(100) substrates (section  3.2.3) are expected soon. 
2.3 Surface characterization in UHV 
2.3.1 X-ray photoelectron spectroscopy 
The identification of characteristic core level photoemission lines induced by in-
cident X-ray radiation enables surface sensitive measurement of the chemical 
composition of samples. Since the exact core level binding energy of a species 
depends on its chemical coordination in the sample (‘chemical shift’), accurate 
measurement of the energetic position of the observed photoemission peaks and 
detailed analysis of the observed line shape provides access to the chemical struc-
ture of the sample. For thorough evaluation of the Si(100) surfaces after prepara-
tion and identification of potential contaminations, an existing XPS system with a 
hemispherical electron analyzer (Specs Phoibos 100) was upgraded by installation 
of a monochromated AlKα X-ray source (Specs Focus 500). The influence of band 
bending due to different termination of the Si(100) surfaces was corrected by 
matching the energetic positions of the major elemental silicon photoemission 
signals between different samples. Detailed chemical analysis of the XPS spectra 
was supported by sophisticated deconvolution procedures enabled by commercial 
software (CASA XPS) N. Fairley, CasaXPS Version 2.3.13Dev22: Software Pack-
age for Data Processing. <http://www.casaxps.com>.. 
2.3.2 Low-energy electron diffraction 
The lateral symmetry of surface structures and particularly surface reconstructions 
can be visualized by the diffraction induced by a normal-incidence electron beam 
typically using low kinetic energies in the range of 40eV – 120eV. For application 
of this standard surface characterization technique, we used a commercial set-up 
(Specs ErLEED 100-A) with reverse view LEED optics and recorded the diffrac-
tion pattern employing a digital video camera. 
2.3.3 Scanning tunneling microscopy 
The lateral dependency of the tunneling current between a sufficiently conductive 
sample and a sharp metal tip can be exploited to obtain atomically resolved im-
ages of the surface and study local surface structure by scanning. Our STM meas-
urements were carried out with a commercial SPECS 150 Aarhus STM (<5×10-10 
mbar) using tungsten tips prepared by electrochemical polishing in potassium hy-
droxide solution with direct current. To avoid frequent tip exchange, in situ tip 
conditioning was performed by argon ion sputtering. All images were recorded in 
constant-current mode with tunneling currents on the order of 100 pA; the bias 
voltage values quoted in the following refer to the sample voltage with respect to 
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the grounded STM tip. Si(100) measurements were conducted with positive sam-
ple bias of about 0.8 V to 1.3 V, while obtaining contrast on the GaP(100) surface 
required high, negative sample bias at around -3.5 V, in agreement with previous 
studies [19], [20], [21]. Experimental details about supplementary STM measure-
ments of the P-rich InP(100) surfaces with an Omicron STM in UHV (<5×10-10 
mbar) were as previously published [22]. 
2.3.4 Fourier-transform infrared spectroscopy  
For the characterization of hydrogen bonds on the samples, we used a commer-
cially available FTIR spectrometer (Bruker IFS 66v/s). Surface sensitive meas-
urements required UHV conditions and parallelepiped shaped MOCVD samples 
to obtain an attenuated total reflection (ATR) configuration. Based on the com-
parison with spectra of untreated, still oxidized sample, we used a linear back-
ground as a reference for the frequency range relevant for Si-H stretch modes 
[23]. Details about the components and the specific design of our set-up can be 
found in Ref. [24]. 
2.3.5 Low-energy electron microscopy 
The use of electrons with low primary energy (0 – 30 eV) for microscopic investi-
gations ensures high surface sensitivity [25]. While bright-field contrast depends 
on the electron reflection coefficient which is related to the band structure and the 
topography of the surface, dark-field contrast is determined by the selected dif-
fraction spots of the LEED pattern which is characteristic for the surface recon-
struction mechanism it is assigned to. LEEM is operated with a parallel electron 
beam for simultaneous illumination of the whole field of view. An aperture in the 
diffraction image plane allows the selection of specific diffraction spots of the 
observed LEED pattern for the generation of magnified surface images. In the 
present study we used two different contrast mechanisms for surface imaging of 
the heteroepitaxial GaP/Si(100) film: bright-field imaging via specular reflection 
using the (0,0) spot [25], and dark-field imaging employing higher-order diffrac-
tion spots [26] for the discrimination of the APDs on the surface. Further details 
about applicable imaging techniques and the utilized instrumentation are de-
scribed in Ref. [27]. 
2.4 Ex situ characterization 
2.4.1 Atomic force microscopy 
Similar to STM, the mechanical interaction of a sharp tip with a sample surface 
also can be exploited to obtain microscopically resolved images by scanning. In 
the present study, tapping mode atomic force microscopy (AFM) was carried out 
ex situ for investigation of the µm scale surface morphology of Si(100) and 
GaP/Si(100) samples. Due to the application of a specific annealing technique 
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[28], also APBs could be visualized as height contrast by AFM (section  5.1.1). 
Since the obtained height modulation at APBs was large compared to the mono-
stepped GaP surface, the two different phases could easily be distinguished and 
highlighted by color-coding for determination of their local surface fractions. All 
AFM measurement were conducted in air using two commercial instruments (both 
of them Digital Instruments Nanoscope Multimode IIIa) located in different labo-
ratories. 
2.4.2 Transmission electron microscopy 
The transmission of high-energy electron beam through thin, specifically prepared 
specimens can be utilized to obtain microscopic resolution, and several imaging 
techniques exist to provide different types of contrast. Besides conventional high 
resolution imaging, we applied specific dark-field imaging modes for the detec-
tion of GaP/Si(100) anti-phase disorder (section  5.1.1). The underlying contrast 
mechanisms are described in Ref. [9] in detail. For subsequent TEM characteriza-
tion, {011} cross sectional as well as (100) plan view specimens were prepared 
conventionally by mechanically cutting, polishing, and using Ar-ion milling as the 
last preparation step. The TEM images shown in this study have been measured 
with two different instruments, a Philips CM12 microscope with an accelerating 
voltage of 120 kV and super twin lens modification and a Jeol JEM 3010 micro-
scope, working at an acceleration voltage of 300 keV. 
2.4.3 General material characterization 
X-ray diffraction (XRD) is versatile tool for the characterization of epitaxial lay-
ers. In the present work, a high resolution XRD instrument (Panalytical X’Pert 
Pro MRD) was used for complementary layer thickness determination and for 
determination of lattice relaxation in heteroepitaxial GaP/Si(100), when growth 
exceeded the critical layer thickness. Details about the utilized set-up and the ex-
perimental techniques are provided by Ref. [5]. For the quantitative analysis of 
bulk compositions, in particular regarding minor impurity or dopand concentra-
tions, samples were send to a company (RTG Mikroanalyse GmbH Berlin), which 
offers commercial secondary ion mass spectroscopy (SIMS) measurements.  
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3 Si(100) surfaces in chemical vapor environments 
3.1 State-of-the-art: Si(100) and its atomic surface structure 
The epitaxial integration of various compound semiconductors such as GaN, SiC 
or classical III-V materials on silicon (Si) substrates represents a technological 
challenge of increasing importance. The aim to stand the current pace of ad-
vancement in Si-based microelectronics particularly demands the direct imple-
mentation of optoelectronical components. Simultaneously, the fast progress of 
the III-V based optoelectronic industry reinforces the need for advantageous alter-
native substrates as stable, inexpensive and readily available as the established Si 
technology already is today. However, the obstacles of compound semiconductor 
growth on Si(100) [3] include several issues associated with the heterovalent (po-
lar-on-non-polar) interface. Prior to heteroepitaxy, the atomic surface structure of 
the substrate already determines the initiation of undesirable anti-phase disorder 
[29] according to the distribution and height of steps (Figure 3). In principle, an 
elaborate Si(100) surface preparation may not only avoid contamination of the 
crucial heterointerface but, when double-layer steps can be achieved, may also 
prevent the formation of anti-phase domains (APDs) [30]. 
Intense III-V/Si investigations have been started in the 1980s mainly motivated by 
the potential integration of GaAs elements with the established microelectronic 
technology based on Si(100) substrates [29,31]. The mature molecular beam epi-
taxy (MBE) technique for GaAs heteroepitaxy [32,33] enables implementation of 
the comprehensive experience with the Si(100) surfaces in ultra high vacuum 
(UHV). There, the preparation of clean Si(100) induces the formation of Si-dimers 
[34] which compensate only half of the dangling bonds and basically induce a 
(2x1) symmetry. Typically, single-layer surface steps emerge and separate terraces 
with perpendicular dimer orientation [34,35] resulting in the characteristic two-
domain (2x1)/(1x2) surface reconstruction of Si(100). Driven by a potential reduc-
tion of surface energy according to Ref. [36], the development of double-layer 
steps appears favorable (Figure 4), but only occurs predominantly on vicinal sur-
faces with high step density [37,38,39].  
However, clean Si(100) surfaces are quite reactive surface and susceptible to con-
tamination [40], including  immediate, so-called native oxidation [41] in air as 
well as other strong chemical bonds with carbon (SiC), nitrogen (Si3N4), and other 
elements. Wet-chemical processing with hydrofluoric acid (HF) dissolves SiO2 
and results in a rather stable hydrogen termination of Si(100) substrates, but the 
recontamination of the surface is only suppressed to some degree. Instead, com-
mon wet-chemical treatment strategies for Si(100) finish with well-defined reoxi-
dation (‘Shiraki’ method) [10] to form a thin, protective SiO2 layer intended for 
thermal removal directly in the epitaxy system. 
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Figure 4: Schematic sketch of the atomic surface structure of Si(100) defining the type of step 
by the dimer orientation relative to the step edge according to Ref. [36]. Open (filled) circles 
represent Si atoms of the surface (sub-surface layers), their size indicates relative height. 
Dimers on the upper terrace are marked by green bars, those one and two atomic layers 
below by blue and red bars, respectively. Since dimer orientation switches at single-layer 
steps, both types have to coexist independent of differences in step formation energy, unless 
the formation double-layer steps of which type B is considered energetically favorable en-
ables a single-domain surface reconstruction.   
In the expanding optoelectronic industry, metal-organic vapor phase epitaxy 
(MOVPE) is the prevailing manufacturing technology. Besides reliable process 
control and industrial scalability, the more established preparation of nitride [42] 
and phosphide [43] based compound semiconductors is considered a key advan-
tage. The demand for large-scale production of sophisticated optoelectronic de-
vices such as LEDs, lasers, or multi-junction solar cells increases the desire for 
improved heteroepitaxial III-V growth on Si(100) via MOVPE to benefit from 
more abundant alternative substrates, larger wafer sizes, improved mechanical 
properties etc.. 
Purified hydrogen is the common standard for MOVPE process gas, but there are 
only few studies of the Si(100) surface preparation and its peculiarities in the va-
por phase, since many surface sensitive characterization techniques require UHV 
and are not directly available. Various III-V/Si(100) investigations with MOVPE 
report the growth of heteroepitaxial GaAs [44], InP [45], or GaP [46] based struc-
tures on differently prepared substrates. However, the impact of typical MOVPE 
process gas conditions on the preparation and the atomic surface structure of 
Si(100) substrates is less well-characterized. Molecular hydrogen can dissociate 
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and adsorb on Si(100) surfaces at typical process temperatures [47,48]. Several 
UHV based studies [49,50,51,52] address the influence of hydrogen on Si(100) 
and particularly analyze its impact on the atomic surface structure as depicted in 
Figure 5. 
 
Figure 5: Experimental STM study of the distribution of step types on clean (a) and mono-
hydride terminated (b) Si(100) over misorientation angle as reported by Laracuente and 
Whitman [51]. While double-layer steps prevail on clean vicinal Si(100) beginning with a few 
degrees off-cut, a significant share of single-layer steps remains present over a wide angular 
range. 
For subsequent III-V integration, the literature emphasizes two crucial requisites 
on Si(100) substrates: 
i. purification of the highly reactive surface, which is particularly susceptible to 
native oxidation, and 
ii. suppression of APD formation by control over the atomic surface structure 
ideally arranged in double-layer steps. 
In analogy to the UHV preparation of Si(100), the formation of well-established 
protective oxide layers [10] can reduce the substrate cleaning in the MOVPE sys-
tem to thermal SiO2 removal immediately before starting the subsequent het-
eroepitaxial deposition. However, the presence of the process gas influences the 
deoxidation process significantly: several CVD studies [53,54,55,56] agree that 
oxide removal in hydrogen requires heating to about 950°C, whereas similarly 
treated Si(100) substrates can be cleaned by annealing at 800°C or even below in 
UHV [10]. Physical and chemical influences on the deoxidation reaction can be 
discussed [57], but also major influences on the atomic structure of the cleaned 
Si(100) surface have to be expected: in UHV-based experiments, the saturation of 
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the dangling bonds with hydrogen [52] changes the experimentally observed step 
structures [51] significantly. 
Only a few studies consider Si(100) surface structures prepared in CVD environ-
ments, in most cases rather indirectly derived from the analysis of subsequent epi-
taxial layers [57,58]. Ref. [12] describes the surface structure of group V termi-
nated Si(100) as obtained by annealing in phosphine and arsine, respectively. Ref. 
[56] analyzes the thermal removal of a protective SiO2 layer and shows by ex situ 
atomic force microscopy (AFM) that further annealing in hydrogen reduces the 
surface roughness of Si(100). Also employing ex situ AFM, Ref. [53] reports on 
the surface structure of slightly off-cut Si(100) substrates after CVD preparation 
for certain Si(100) substrates with slight misorientation in [011] direction: In con-
trast to Si(100) surface investigations in UHV [34,37,39,51], a tendency for dou-
ble-layer step formation after the growth of a homoepitaxial buffer layer was ob-
served. 
The present study reports on a reliable process for Si(100) preparation in a CVD 
environment and its systematic investigation by means of XPS. A dedicated sam-
ple transfer system to UHV [13] enabled us to preserve the Si(100) surfaces in the 
state prepared in our MOVPE reactor. We verified the capability to obtain clean 
Si(100) in a MOCVD reactor by XPS and observed the removal of the protective 
oxide layer when varying basic process parameters such as surface temperature 
and annealing time [59]. Enhanced surface sensitivity obtained by smaller photo-
electron take-off angle enabled us to analyze residual SiO2 layers in detail and to 
identify partially oxidized Si states associated with their interface to the Si(100) 
substrate by deconvolution of the XPS signals. The determination of the average 
residual oxide thickness provided a characteristic measure for the progress of ox-
ide removal. According to the rather abrupt deoxidation behavior, we defined a 
critical temperature for oxide removal and investigated its dependence on the 
chemical vapor ambient, considering pressure and precursor injection as well as 
nitrogen and argon as alternative process gases [60]. After processing in hydrogen, 
complementary atomic surface structure investigations by LEED and STM usually 
resolved a two-domain (2x1)/(1x2) reconstruction due to dimer formation and 
single-layer steps on the surface typical of clean Si(100) as well as of a mono-
hydride termination. Depending on the degree of misorientation, detailed charac-
terization of the atomic surface structures directly after thermal oxide removal in 
hydrogen revealed complex patterns of steps and terraces [61]. ATR measure-
ments in an UHV-based FTIR spectrometer identified characteristic absorption 
lines due to the stretch modes of coupled Si-H monohydrides [62]. The polariza-
tion dependence of the antisymmetric stretch mode distinguished different dimer 
orientations and verified a clear preference for one of the (2x1)/(1x2) surface re-
construction domains subsequent to improved Si(100) surface preparation. Tip-
induced H-desorption observed in the STM proved the complete saturation of 
dangling bonds after VPE-preparation. During annealing in the MOVPE reactor at 
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elevated temperature, in situ reflectance anisotropy spectroscopy showed the ab-
sence of Si-H bonds. Close inspection of the atomic surface structure of differ-
ently misoriented Si(100) surfaces by STM after improved VPE processes showed 
unconventional, DA-like steps [63], which are considered to be energetically unfa-
vorable (Figure 4). For slight off-cut substrates, high resolution images revealed 
that there was an intermediate SB step with associated dimer rows, only a few 
dimers long, in most places. Also on the 2° misoriented samples, we observed DA-
like steps, but only when cooling at the end of the process was slowed down. 
Here, also intermediate SB steps were visible, but in a few places true DA steps 
seemed to prevail.  
3.2 Thermal oxide removal in hydrogen under standard process conditions 
Since Si(100) surfaces react with virtually any organic or inorganic contamination 
to form undesirable impurities, we used the well-defined reoxidation of the sub-
strate by a subsequent wet-chemical step [10] to form a protective layer as starting 
point of our investigations. Basically, this well-established procedure 
[30,53,54,64] simplified the CVD-preparation of a pure Si(100) surface, as re-
quired for subsequent III-V deposition, to the removal of the protective SiO2 layer 
by thermal annealing directly in the MOVPE system. 
3.2.1 Verification of thermal oxide removal by XPS 
In contrast to previous MOVPE studies, we were able to investigate the chemical 
composition of the substrate surfaces directly after annealing in the CVD envi-
ronment by means of XPS [13] to analyze the remaining contamination. Actually, 
a process consisting of 30 min annealing at 950°C surface temperature under flow 
of purified hydrogen at nearly atmospheric pressure (950 mbar) eliminated the 
photoemission signals due to oxygen completely [59], while these were still pre-
sent after an analogous process in which the sample was annealed at only 900°C. 
By comparison of the XP spectra in the range of the O1s and Si2p photoemission 
lines (Figure 6), we verified an intact stoichiometric SiO2 layer for the annealing 
procedure at lower temperature (thick blue spectra) and a completely deoxidized 
Si(100) surface for the one at higher temperature (thin black spectra). The O1s 
binding energy observed at about 533.1 eV complies well with the chemical shift 
of +2.1 eV compared to the elemental O1s line at 531 eV, as expected for oxygen 
bound in SiO2 [65,66]. In the case of the deoxidized sample (thin black spectra), 
the absence of the O1s signal agreed with an increased intensity of the entire Si2p 
photoemission line around the binding energy expected for elemental silicon. In 
detail, we observed a peak at about 99.69 eV and a clearly resolved shoulder at 
about 100.31 eV. The splitting of the peak positions of approximately 0.62 eV and 
the intensity distribution agreed well with the separation of Si2p3/2 and Si2p1/2 due 
to spin orbit coupling [67].  
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Figure 6: O1s and Si2p XPS lines measured at two Si(100) samples after annealing in the 
MOCVD reactor under pure H2 flow for 30 min at 900°C (blue, thick) and at 950°C (black, 
thin) surface temperature, respectively and an XPS overview of the non-deoxidized sample 
(inset). 
On the sample which was still covered with protective SiO2 (thick blue spectra), 
the measured intensity of the elemental Si2p line decreased according to the 
thickness of the SiO2 layer, which was below the mean free path of the excited 
electrons. The Si2p photoemission from the SiO2 layer itself formed an additional 
peak structure at about 103.7 eV (thick blue spectrum) corresponding to the higher 
oxidation state of Si in the oxidized film [68,69,70]. 
3.2.2 Progression of the oxide removal in hydrogen process gas 
According to our comparative experiments, we determined 950°C as the critical 
temperature for the reliable removal of protective SiO2 layers [10] from Si(100) 
substrates based on 30 min annealing in H2 at nearly atmospheric pressure in a 
commercial MOCVD reactor. Since an analogous process at 925°C surface tem-
perature led to no significant reduction of the XPS signals associated to the silicon 
oxide (not shown here), we supposed either a very rigid thermal activation of the 
oxide removal or a highly non-linear progression of the deoxidation reaction. Dis-
tinct annealing experiments in the same process gas environment and at an identi-
cal temperature of 950°C but with reduced annealing times led to conclusive XPS 
results shown in Figure 7.  
Even though Si(100) substrates were deoxidized reproducibly within 30 min H2 
annealing at 950°C (Figure 7, grey line), the interruption of this process after only 
10 min annealing (Figure 7, thick blue line) resulted in no significant reduction of 
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the XPS intensities attributed to oxygen or oxidized silicon compared to insuffi-
cient oxide removal experiments conducted at lower temperatures. 
 
Figure 7: O1s and Si2p XPS lines measured at Si(100) substrates after annealing in the 
MOCVD reactor under pure H2 flow at 950°C for 10 min (thick blue line), 20 min (broken 
black lines), and 30 min (grey line), respectively. The Si2p signal was amplified by a factor of 
5 for better visibility of the oxidized share, while the main elemental line due to the substrate 
exceeds the applied scaling. The three broken black lines reflect very different residual oxide 
quantities coexistent on a single Si(100) substrate after the 20 min process at different, later-
ally distributed measurement positions. 
In contrast to all other samples, which were either completely free of oxygen or 
covered with a laterally homogenous SiO2 layer, XPS measurements subsequent 
to process interruption after 20 min H2 annealing at laterally varied sample posi-
tions (Figure 7, broken black lines) actually led to significant differences in the 
residual oxide coverage of the Si(100) surface. Apparently, this experiment ad-
dressed a critical stage of the oxide removal from the surface and indicated a 
highly non-linear progression of the underlying deoxidation reaction. So far, we 
could not rule out completely that inhomogeneities regarding the initial oxide 
thickness or the lateral surface temperature distribution during annealing also con-
tributed to the experimental result.  
In any case, our findings showed a very abrupt deoxidation behavior including a 
high potential for lateral variations consistent with a complex SiO2 removal 
mechanism such as void formation and growth, which has been established for 
Si(100) preparation in UHV [71,72,73,74,75]. However, the wet-chemical protec-
tive SiO2 layer [10] we prepared on the Si(100) surface prior to introduction into 
the growth environment can be thermally removed by annealing at temperatures 
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less than 800°C in UHV [10], while in agreement with most MOVPE studies 
[53,54,76] we required roughly about 950°C under H2 flow. The progress of oxide 
removal in hydrogen has also been monitored in situ for different annealing tem-
peratures employing RAS. Details about the in situ RAS observation of the deoxi-
dation, hydrogen termination, domain distribution and step arrangement of 
Si(100) surfaces with different misorientations (0.1°, 2°, 6°) are in preparation and 
will be published elsewhere [77]. 
3.2.3 Potential deoxidation mechanisms in a process gas environment 
In UHV, the formation and desorption of volatile silicon monoxide (SiO) accord-
ing to Eq. 2 is the generally accepted deoxidation mechanism for thermal surface 
preparation of Si(100) substrates [78]: 
↑→+ )(2)()(2 gSiOsSisSiO  (2)
The process is limited either by poor SiO desorption from the SiO2/Si(100) inter-
face hindered by the presence of the oxide film or by the lack of elemental Si for 
the deoxidation reaction at the vacuum-side of the oxide film. However, as soon 
as the statistical formation of initial voids in the SiO2 layer [74] exposes first parts 
of the Si(100) surface, the lateral mobility of Si atoms is locally enhanced there 
[72,75]. Their diffusion to the edges of the voids largely promotes the deoxidation 
reaction according to Eq. 2; consequently, the growth of voids is an integral part 
of the deoxidation model for Si(100) surfaces in UHV [71,73]. 
Previously, Yamazaki et al. [57] observed a need for higher annealing tempera-
tures for oxide removal in hydrogen determined process gas environments com-
pared to UHV and discussed physical limitations of the SiO desorption from the 
surface by kinetic restrictions due to the process gas flow for an explanation. 
However, Aoyama et al. [47] showed that at least a partial monohydride termina-
tion of (2x1)/(1x2) reconstructed Si(100) [79] occurs even after annealing at mod-
erate sample temperatures and process gas pressures due to the dissociation of 
molecular hydrogen from the process gas at the surface, principally according the 
following reaction path: 
)()()( 2 sHSiSiHgHsSiSi −−−→+−−−  (3)
The saturation of the dangling bonds by hydrogen potentially passivated the ini-
tially deoxidized parts of the Si(100) – largely restraining the diffusion of Si at-
oms. Hence the effect could disable the driving mechanism for the void growth 
mechanism according to Eq. 2 and provide an alternative explanation for the in-
crease of the critical surface temperature for oxide removal in hydrogen compared 
to the UHV deoxidation of Si(100). 
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At the higher temperature for oxide removal in hydrogen, also an active role of the 
process gas in the deoxidation reactions such as the formation and desorption of 
water may have to be taken into consideration: 
↑+↑→+ )()()()( 222 gSiOgOHgHsSiO  (4)
Although this reaction appears thermodynamically unfavorable at first, the disso-
ciation of hydrogen molecules at incompletely saturated Si-dimers or continuous 
hydrogen desorption from the monohydride termination according to Eq. 5a and 
5b, respectively, might supply highly reactive hydrogen species as reactants to 
replace molecular hydrogen in Eq. 4: 
)()()()( *2 gHsSiSiHgHsSiSi +−−−→+−−−  (5a)
 
)()()( * gHsSiSiHsHSiSiH +−−−→−−−  (5b)
If the actual deoxidation process in hydrogen involves this type of reaction path, 
the progress of oxide removal might be non-linearly promoted by the presence of 
already deoxidized parts of the Si(100) surface, in a certain analogy to the void 
growth processes observed in UHV [71,72,73]. 
To obtain conclusive results regarding the actual deoxidation mechanism in the 
CVD environment we plan several experiments involving alternative process 
gases and process gas compositions for Si(100) surface preparation as well as in 
situ process analysis by mass spectroscopy for detection of the chemical products 
of the deoxidation reaction [78]. Indications for an active role of hydrogen might 
be obtained by Fourier-transform infrared spectroscopy [47], optical in situ char-
acterization [80], or even STM [81]. If laterally inhomogeneous oxide removal 
processes such as void formation in UHV also determine the deoxidation in the 
CVD environment, the transfer of relevant samples to surface sensitive micro-
scopic instruments such as  scanning Auger [72] or low-energy electron [71]  
techniques could provide direct evidence.  
3.2.4 Surface structure after thermal oxide removal in a CVD reactor 
The previous sections showed that our process resulted in clean Si(100) surfaces 
after annealing under hydrogen at temperatures above 950°C for more than about 
20 minutes. In order to investigate the symmetry and atomic structure of the re-
sulting surfaces, we carried out LEED and STM measurements as shown in 
Figure 8 for a typical surface. 
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Figure 8: (a) LEED image of a deoxidized Si(100) surface at an incident beam energy of 70 
eV exhibiting half-order reflexes due to a two-domain (2×1)/(1×2) reconstruction. (b) Empty 
state STM image of a deoxidized Si(100) surface (VSample = 1.3 V, no filtering applied).  Rows 
of individual dimers, which constitute a (2×1) surface unit cell, are clearly resolved. 
Figure 8(a) shows a typical LEED image of a surface prepared by our H2 anneal-
ing process. The image reveals a (2×1)/(1×2) surface reconstruction, i.e. the sur-
face is characterized by a unit cell which extends over the space of two Si atoms 
of the unreconstructed surface and which exists in both [011] and ]110[  direc-
tions, i.e. two domains exist which are rotated by 90° with respect to each other. 
The Si(100) surface is known to form Si-Si dimers, both at the clean surface as 
well as at the monohydride-covered surface. At the clean surface the dimers are 
buckled [82], but they perform a flip-flop motion leading to a symmetric appear-
ance of the dimers [83]. Hydrogen exposure of this surface might lead to the for-
mation of hydrides including symmetric monohydride H-Si-Si-H dimers [79]. 
Both, the clean reconstructed Si(100) as well as monohydride terminated surface 
are consistent with the observed LEED images. The presence of two orthogonal 
domains indicates that the surface is characterized by monolayer steps, where the 
orientation of the dimers changes by 90°.In Figure 8(b) we present an empty state 
STM image of a small section of the surface providing atomic-scale evidence of a 
well-ordered Si(100) surface structure.  Individual protrusions are clearly visible 
which can be assigned to the silicon atoms at the surface. These appear as pairs in 
the image, forming rows separated by trenches, which are deeper than the gaps 
separating the atoms within the pairs and those separating the pairs within the 
rows. We identified the pairs of protrusions as Si-Si dimers, but similar to the 
LEED results, the STM image does not directly allow us to determine whether the 
surface is hydrogen terminated, since the appearance of the monohydride surface 
and that of the clean surface (depending on the applied bias voltage and shape of 
the tip) can be very similar [84]. There are several defects visible in the image: in 
one location a dimer appears to be missing, and additionally there are three bright 
protrusions. These may be dangling bonds at an otherwise hydrogen-terminated 
surface, impurity atoms at the site of silicon atoms, or individual adatoms. 
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3.3 Variation of the process environment and alternative carrier gases 
Thermal oxide removal from Si(100) substrates directly in the epitaxy system has 
been identified as initial process step for heteroepitaxial III-V integration, since 
the reproducible preparation of a protective SiO2 layer as final wet-chemical pre-
treatment [10] prevents uncontrolled reoxidation and critical carbon contamina-
tions in air. In a recent study [59], we verified thermal oxide removal from Si(100) 
in the hydrogen ambient of a MOVPE reactor using XPS under normal photo-
emission. 
3.3.1 Residual oxide films after hydrogen annealing observed  
In order to confirm the complete deoxidation of Si(100) substrates, we performed 
XPS at reduced photoelectron take-off angles °< 90α  to further increase the sur-
face sensitivity of the measurement. At a take-off angle of °= 30α , we expected a 
relative gain of the signal contribution due to the topmost layers by a factor of 2 
due to geometrical reasons. Consistent with normal emission measurements [59], 
we did not find any trace of oxygen in the XPS spectra after a 30 min annealing at 
a surface temperature of 950°C under flow of purified hydrogen at a pressure of 
950 mbar (Figure 9), while clear signals were observed after an analogous process 
in which the sample was annealed at only 900°C. 
 
Figure 9: O1s and Si2p XPS lines measured under a photoelectron take-off angle of 30° at 
two Si(100) samples after annealing in a MOVPE reactor under pure H2 flow for 30 min at 
950°C (black, thin) and at 900°C (blue, thick) surface temperature, respectively. The com-
parison with normalized XPS data of the sample prepared at 900°C measured under normal 
photoemission (grey, thin) confirmed the expected gain of surface sensitivity. 
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Figure 9 displays a comparison of the characteristic O1s and Si2p photoemission 
lines measured at both samples under a take-off angle of 30°: while we observed 
only the Si2p signature of pure Si(100) at about 99.7 eV after the 950°C process 
(thin black spectra), also an intense O1s line at about 533.1 as well as a secondary 
Si2p peak at about 103.7 eV were still measured after the 900°C process (thick 
blue spectra). The chemical shifts associated with both peak positions matched 
with the binding energies expected for stoichiometric SiO2 [65,68]. Comparing 
the peak intensities, the O1s line even exceeded the major Si2p signal, which is 
assigned to the elemental state of the substrate. The reasons were the relation of 
the atomic sensitivity factors of about 66.01 =sOθ and 27.02 =pSiθ , respectively 
[85], as well as the enhanced surface sensitivity achieved by the take-off angle of 
30°. Figure 9 also displays normalized spectra of the 900°C sample measured for 
normal photoemission (thin grey lines). In relation to the elemental Si2p peak of 
the Si(100) substrate, the O1s and oxidized Si2p peaks appeared with about twice 
the intensity in the 30° spectra (thick blue lines) compared to the 90° measure-
ments (thin grey lines), which is consistent with a very thin SiO2 film on the sur-
face of the sample. In consequence, small photoelectron take-off angles provides 
better resolution of the XPS features associated with residual oxide layers on the 
Si(100) substrates after annealing in hydrogen. Comparing the Si2p spectra in 
Figure 9 in the range of 102 eV, the signal intensity of the 900°C sample (thick 
blue line) significantly exceeds that of the 950°C one (thin black line) indicating 
the presence of Si in intermediate oxidation states in the residual oxide film. 
3.3.2 XPS line shape analysis applied to residual SiO2 layers 
The line shape of the secondary Si2p peak contains detailed chemical information 
about the coordination of Si in the protective oxide layer or at its interface to the 
Si(100) substrate. Since the XPS measurements did not resolve the partial oxida-
tion states as individual features, we conducted detailed deconvolution analysis of 
the Si2p spectra to reveal intermediate oxidation states of Si. Figure 10 shows the 
deconvolution results obtained for the 30° XPS measurements of a sample a sam-
ple annealed at 900°C under hydrogen flow (same data as in Figure 9).For the 
illustration of the Si2p photoemission spectrum in Figure 10, we chose a partially 
logarithmic scaling of the XPS intensity to highlight the rather small contributions 
of oxidized Si (red and black) in the presence of the dominant signal of the ele-
mental substrate (blue). Even in the range between the elemental and the fully 
oxidized Si2p peak positions, the measured XPS data (black crosses) exceeded the 
expected Tougaard type background [86] (grey) significantly. The signal intensity 
in this intermediate binding energy range indicated some Si in partial coordination 
with oxygen to be considered as separate components (black) for the deconvolu-
tion analysis. Rather than ignoring the observed spin orbit coupling [67], we in-
cluded it for all potential oxidation states, but fixed the parameters of the Si2p1/2 
(thinner) contributions rigorously to those of the respective Si2p3/2 (displayed 
thicker) lines (Table 1).  
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Figure 10: Deconvolution analysis of the Si2p XPS signal of a Si(100) surface that is still oxi-
dized after annealing at 900°C in H2. Measurement with a photoelectron take-off angle of 30° 
provided enhanced surface sensitivity.  
The achievement of reasonable decomposition results crucially depended on de-
liberate handling of the different peak positions. Our deconvolution routine im-
proved successively when entirely transferred and adjusted to several different 
samples until proper fits for the whole set of samples were achieved with an iden-
tical choice of the basic parameters shown in Table 1. 
Table 1: Parameters for and results of the deconvolution analysis depicted in Figure 9: The 
energetic position and full width at half maximum of the utilized Voigt profiles were con-
strained in our model to fulfill the indicated relations between the individual components. 
The derived peak areas were used for the calculation of the relative intensities in relation to 
the total Si2p signal and to the sum of suboxide states, respectively. 
Si 2p 
deconvolution 
Si 2p3/2 components
(oxidation state) 
binding 
energy 
[eV] 
fwhm 
[eV] 
peak 
intensity 
['area'] 
relative 
intensity 
[of Si2p] 
relative 
intensity 
[of subox.] 
elemental (±0) [R] 99.944 0.658 685.3 0.753 --- 
SiO2 (+4) R + 3.98 1.119 147.2 0.126 --- 
suboxide (+1) R + 1.05 0.856 23.4 0.026 0.304 
suboxide (+2) R + 1.85 0.856 15.6 0.017 0.202 
suboxide (+3) R + 2.75 0.856 38.1 0.042 0.494 
Si 2p1/2 [relative] X + 0.62 as X half of X --- --- 
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Table 1 specifies the parameter set utilized for the decomposition of Si2p XP 
spectra into Voigt profiles and exemplarily quantifies the fitting results for the 
experimental data as shown in Figure 10. We observed a major peak at about 
99.69 eV accompanied with a clearly resolved shoulder at about 100.31 eV. The 
splitting of the peak positions of approximately 0.62 eV and the intensity distribu-
tion agreed well with the separation of Si2p3/2 and Si2p1/2 due to spin orbit cou-
pling [67]. All further peak positions attributed to stoichiometric SiO2 as well as to 
intermediate suboxide states were fixed for our deconvolution model in relation to 
the position of elemental Si2p3/2 (marked R). With iterative application to different 
samples, the peak positions of the suboxide components approached the values 
obtained with synchrotron radiation for UHV prepared SiO2 layers [87]. The line 
width (full width at half maximum – fwhm) of the elemental Si2p components 
ranged close to the experimental resolution. In contrast, a reasonable fit of the 
SiO2 components required significantly higher line widths due to the presence of 
different bonding angles [88] and phonon broadening [87]. 
Since we did not achieve a clear experimental resolution of the suboxide lines, 
their individual intensities depended to some extent on the chosen positions, line 
shapes and peak models. We fixed the widths of all suboxide states rather arbitrar-
ily at identical and reasonably small values [87]. In consequence, the interpreta-
tion of the relative intensities attributed to the individual suboxide states as indi-
cated in Table 1 is beyond the scope of this paper. Based on our calculation of the 
average residual oxide thickness in section 3.3, the occurrence of suboxides was 
attributed mainly to the Si(100)/SiO2 interface. Even in the ideal case of an atomi-
cally sharp interface, the transition from a Si(100) substrate to SiO2 film requires 
at least one monolayer of Si atom in partial coordination with oxygen (oxidation 
states other than 0 or +4) [69,70,89,90]. The deconvolution results shown in 
Figure 10 and in Table 1 attribute roughly one third of all oxidized silicon atoms 
to intermediate oxidation state, while the calculations of section  3.3.3 indicate a 
residual oxide thickness of about 4.9 Å [Table 2] to the same sample under 
weighted consideration of the suboxide states. Given the monolayer thickness of 
about 1.35 Å in the Si(100) substrate and the lower concentration of Si atoms in 
the oxide, we draw the conclusions that 
i. the observed suboxide states mainly occurred at the interface, 
ii. the protective oxide layers consisted of nearly stoichiometric SiO2 and 
iii. its interface to the substrate was almost abrupt. 
Compared to common SiO2/Si(100) interface models [69,70,91], the relative frac-
tion of the highest (+3) suboxide state [Figure 10, Table 1] appeared higher than 
expected. However, the attribution of this surplus either to a specific interface 
model, to oxygen vacancies in the film, to initial steps of the deoxidation reaction 
or to the surface of the film requires dedicated experiments and high-resolution 
XPS as available at synchrotron facilities [69,70,87,91]. 
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3.3.3 Process evaluation by estimation of oxide film thickness  
The evaluation of the measured XPS data allowed for different estimates of the 
SiO2 film thickness: according to either 
i. the weakening of the substrate signal, 
ii. the relation between the O1s and Si2p intensities [85] or 
iii. the intensity distribution between the elemental and the oxidized Si2p peaks 
[92]. 
While the first approach presumed a homogenous layer and lacked a proper nor-
malization, the second one required accurate knowledge of the respective atomic 
sensitivity factors and an adequate consideration of different photoelectron escape 
depths. In consequence, we relied mainly on the third approach and used the in-
tensity of the O1s signal as independent verification. 
The different chemical coordination of an element common to a thin film and the 
corresponding substrate can induce a chemical shift which separates two photo-
electron peaks attributed to the same atomic orbital. In that case, XPS enables a 
straight-forward film thickness determination by analysis of the measured peak 
intensities [93]. The evaluation of oxidized films on silicon via the intense Si2p 
photoemission line [94] is a common application. For the calculation of the oxide 
layer thickness oxyd , we determined the intensities associated with the oxidized 
oxyI  and with the elemental SiI  Si2p peaks from our XPS measurements [Table 2] 
and used the following equation according to Lu et al. [95]: 
( )[ ]1lnsin +⋅⋅= Sioxyoxy Id βαλ  (6)
The photoelectron take-off angle α  and the attenuation length oxyλ  of the 2p pho-
toelectrons in the oxide layer as well as the normalization factor β  according to 
the emissions from pure bulk Si and SiO2 represented crucial parameters. For ap-
plication to the normal emission measurements ( °= 90α ) at sufficiently thin SiO2 
films presented below, we applied 54.0=β  determined by measurements with 
our own spectrometer at clean Si(100) and a thick thermal oxide layer, respec-
tively. This value agrees very well with theoretical predictions [92], while experi-
mental findings are typically higher [95,96], probably due to intensity modula-
tions caused by photoelectron diffraction [94]. According to comparative TEM 
measurements in the literature [95,96,97], the electron mean free path in SiO2 is 
about 3 nm. 
Inaccurate parameter choices for thickness calculation summed up to a significant 
potential for systematic errors in the order of ± 25 % in terms of absolute values, 
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but the relation between differently prepared samples (Table 2) crucial for the 
evaluation of the data should be conserved. In contrast, noise in the measured XPS 
data also affected the peak intensities determined via the fitting routine and re-
sulted in an uncertainty of the thickness values of individual samples smaller than 
± 0.3 Å. Probably, non-uniform deoxidation reaction similar to those observed in 
UHV [72,74,75] also occurred during CVD oxide removal [59], all calculated film 
thickness values shown in Tab. II only represented lateral averages over poten-
tially inhomogeneous material distributions on the surface. 
Table 2: Oxide thickness calculation based on XPS results measured at several CVD pre-
pared Si(100) substrates: The variation of annealing temperatures in analogous processes 
with 30 min annealing time determined the critical temperature for complete removal of the 
protective oxide film at 950°C. 
preparation parameters XPS intensities [a.u.] 
Si2p O1s temperature
[°C] 
time 
[min] elemental oxidized total 
relative 
oxygen 
intensity 
calculated
thickness
[Å] 
850 30 1051.4 259.2 1661.2 0.285 5.9 
900 30 2818.7 379.8 2220.7 0.221 4.9 
925 30 2796.9 248.3 1602.9 0.177 3.6 
950 30 2574.2 0.0 --- 0.0 0.0 
 
Table 2 shows XPS intensities for the oxidized and the elemental Si 2p as well as 
the O1s photoemission lines as evaluated by the systematic fitting routine de-
scribed above from the data measured at several Si(100) samples from annealing 
experiments with variations of the applied temperature. In addition to the oxide 
layer thickness calculation as described above, the relative oxygen intensity in the 
total XPS signal (see Table 2) provided complementary information. Weighted by 
the atomic sensitivity factors 27.02 =psiθ  and 66.01 =sOθ  [85], the measured in-
tensities represent the chemical composition of the samples. The derived oxygen 
content deviates from stoichiometric SiO2 in average by approximately +20% 
indication a corresponding underestimation of the residual oxide thickness. As-
suming all oxygen in a thin homogenous top layer, the relative XPS intensity of 
the O1s line should directly correlate with the layer thickness. This rough, but 
independent estimation agreed very well with the calculated values based on the 
Si2p intensity distribution. 
The experiments summarized in Table 2 provided a qualified evaluation of the 
thermal oxide removal from Si(100) in hydrogen. Annealing for 30 min at a pres-
sure of 950 mbar and at different surface temperatures complemented the results 
shown in Figure 9. The oxide removal rate below 950°C was not sufficient for a 
complete cleaning of the substrates within the given time. The differences of the 
remaining oxide thicknesses (Table 2) between 850°C, 900°C and 925°C of 5.9Å, 
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4.9 Å and 3.6 Å, respectively, indicated increasing, but still rather small losses of 
oxide in this temperature range. In contrast, all samples annealed for 30 min at a 
surface temperature of 950°C or above were reliably free of oxygen. Conse-
quently, we considered 950°C as the critical surface temperature for Si(100) sub-
strate cleaning in the discussed environment, since even slightly lower annealing 
temperatures led to only partial reductions of the oxide thickness. 
3.3.4 Influence of process gas composition on oxide removal  
Essentially, the previous sections described a preparation path to obtain clean 
Si(100) substrates by annealing in hydrogen directly within our MOVPE reactor 
suitable for subsequent III-V heteroepitaxy. To ensure well-defined starting condi-
tions for the subsequent thermal oxide removal, a certain wet-chemical pretreat-
ment strategy [10] was applied. However, the necessity to anneal the samples at 
about 950°C in MOVPE environments, also observed in several previous studies 
[45,53,54,55,64,76,98], is at variances with the ability to clean Si(100) substrates 
in UHV by annealing at only 800°C or even below [10]. Obviously, the distinct 
process gas atmosphere had a crucial impact on the Si(100) preparation. 
To determine the specific preparation parameters, we changed the reactor pressure 
during annealing, injected small quantities of the precursor molecule silane 
(SiH4), and even applied alternative process gases [60]. Table 3 summarizes the 
experimental results, evaluated in analogy to section  3.3.3, in terms of the critical 
surface temperature required for complete removal of the protective SiO2 layer 
under the specified process gas compositions. 
Table 3: Evaluation of the critical surface temperatures required for oxide removal from 
Si(100) substrates in dependence on the process gas compositions during the annealing proc-
ess. For each environment, Tmin(clean) specifies the lowest surface temperature during a 30 
min annealing process for which an oxide free Si(100) surface was subsequently confirmed 
by XPS, while Tmax(oxidized) refers to the highest value for which an oxide film was still de-
tected. 
process gas H2 H2 H2+SiH4 N2 Ar 
pressure [mbar] 950 100 950 950 950 
Tmin(clean) [°C] 950 900 915 ---- 1000 
Tmax(oxidized) [°C] 925 870 850 970 950 
 
The reduction of the process gas pressure during Si(100) substrate annealing in 
hydrogen from 950 mbar to 100 mbar increased the experimental complexity of 
our evaluation, since the thermal coupling of the sample to the susceptor weak-
ened simultaneously. Instead of a fairly good agreement between the heater con-
trolled process temperature according to a thermocouple in the susceptor in our 
MOVPE reactor and the crucial surface temperature at nearly atmospheric pres-
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sure, an increasing discrepancy occurred at lower pressures. The in situ surface 
temperature measurements showed that this offset actually overcompensated the 
significantly higher thermal input to the susceptor required for complete oxide 
removal at 100 mbar: while the necessary process temperatures exceeded 1000°C, 
the actual surface temperature of the Si(100) samples was only at about 900°C 
(Table 3). Although Si(100) preparation in MOVPE systems with closer thermal 
coupling might profit from the slightly lowered critical surface temperatures for 
oxide removal when decreasing the process gas pressure (Table 3), we kept the 
standard pressure in this study at 950 mbar to benefit from better temperature con-
trol and reduced energy consumption. 
The decrease of the critical surface temperature for oxide removal with a reduc-
tion of the process pressure appears consistent with physical limitations of the 
deoxidation reaction due to the process gas flow [59], but also direct, chemical 
influence of hydrogen is conceivable. In the latter case, reactive species such as 
atomic, ionic or excited hydrogen as generated by the decomposition of precursor 
molecules should promote the progress of oxide removal. We added small quanti-
ties of SiH4 to the process gas at a level well below growth occurred. Actually, we 
achieved a significant reduction of the critical surface temperature for oxide re-
moval in the order of about 50K (Table 3) when supplying SiH4 during annealing. 
Besides hydrogen radicals, thermal SiH4 decomposition certainly produces Si at-
oms, which also have to be considered as influence factor. The formation of vola-
tile SiO has been established as the most relevant mechanism for Si(100) deoxida-
tion in UHV and might be limited by the supply of elemental Si to the surface of 
the protective oxide layer. 
3.3.5 Impact of alternative process gases on Si(100) preparation 
For a better separation of physical and chemical influences of CVD environments 
on the deoxidation of Si(100), we also performed experiments using alternative 
process gases. Kinetic limitations of SiO desorption due to the process gas flow in 
a CVD ambient [57] have been proposed as the cause of the discrepancy of the 
required annealing temperature for oxide removal compared to UHV [10]. In that 
case, the type of process gas should be rather irrelevant for the deoxidation of 
Si(100) substrates. However, the use of nitrogen as process gas, which is an estab-
lished alternative for MOVPE growth [99,100,101,102], did not clean any Si(100) 
substrate up to 30 min annealing time even at the maximum process temperature 
of our reactor, which corresponded to about 1050°C at the surface. Although XPS 
measurements indicated a slight reduction of the oxygen quantity after high tem-
perature annealing, further experiments appeared unnecessary for Si(100) surface 
preparation, since we simultaneously started to detect nitrogen at the surface 
(Figure 11). 
 31
 
Figure 11: O1s and N1s photoemission lines measured at three Si(100) substrates which were 
annealed in nitrogen at a pressure of 950 mbar: Two sample were previously cleaned in a 
hydrogen ambient and then annealed in N2 at surface temperatures of about 500°C (thin 
black) and 1020°C (thick red), respectively, while another one was annealed at 970°C exclu-
sively in N2 process gas (blue). 
Different explanations appeared conceivable for the presence of oxygen after 
Si(100) substrate annealing in N2 (Figure 11): Either the decomposition of the 
SiO2 layer itself necessitated a chemically more active environment such as H2, or 
the decomposition products were transported less efficiently from the surface by 
N2, or the Si(100) surface simply reoxidized due to potential oxygen impurities in 
some part of the process environment. Apart from that, the observation of a sig-
nificant N1s photoemission signal on a still oxidized Si(100) surface after high 
temperature annealing in N2 (not shown here) already rejected the consideration of 
nitrogen as an inert process gas [99,100,101,102] during Si(100) deoxidation. 
Chemically, either silicon nitride formed after partial removal of the protective 
SiO2 layer [71,74] at some position at the surface, or a direct conversion of the 
SiO2 film to some oxynitride phase [68,103,104] occurred under the conditions 
applied. A rough screening of N2 annealing procedures applied to already cleaned 
Si(100) substrates (Figure 11) clarified some of these points. 
After 30 min annealing at 1000°C in H2, sufficient for reliable oxide removal from 
Si(100) (see above), the process gas was switched to N2 for further annealing. In 
accordance with the regularly applied UHV transfer for surface analysis [13] 
which included switching to the easier pumpable nitrogen as a process gas at 
lower sample temperatures, prolonged annealing at a moderate value of 500°C 
(Figure 11 and Figure 12, thin black spectra) also kept the sample essentially 
clean. However, increased surface temperatures of 850°C (not shown here) and 
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1020°C (Figure 11 and Figure 12, thick red spectra) during N2 annealing produced 
significant contaminations on the Si(100) surfaces. Since these did not only in-
volve nitrogen but also oxygen, the N2 used as process gas in our MOVPE reactor 
either itself contained oxygen impurities or at least promoted secondary oxygen 
sources in the environment (such as external leaks, the susceptor or even the sub-
strates) more than H2. 
 
Figure 12: Si2p photoemission at an partially logarithmic intensity scale measured at the 
three Si(100) substrates also shown in Figure 11: Prior to annealing at surface temperatures 
of about 500°C (thin black) and 1020°C (thick red) in nitrogen at a pressure of 950 mbar, 
both samples were cleaned in hydrogen, while the third one was directly annealed in N2 at 
970°C (blue). 
The measured O1s, N1s, and Si2p photoemission line positions and intensities 
(Figure 11 and Figure 12) enabled considerations about the actual chemical con-
figurations at the surfaces of the samples annealed in N2: Although the intensity 
ratio between the O1s and N1s varied significantly for different sample prepara-
tions (Figure 11), the individual line positions remained rather constant. The ni-
trogen line always peaked at a binding energy of about 398.2 eV, while the oxygen 
position shifted almost negligibly compared to a pure SiO2 film, at most to about 
532.8 eV. Despite the consistency of both positions with the respective pure sili-
con compounds Si3N4 [68,105,106] and SiO2 [65,66], the Si2p spectra showed 
distinctly different behavior (Figure 12). 
Next to the dominant elemental peak from the substrate, the intensity distribution 
over the oxidized Si2p signal clearly shifted to lower binding energies. N2 anneal-
ing after oxide removal in H2 led to the highest N1s/O1s intensity ratios and a 
clear Si2p peak at about 102.4 eV (Figure 12, thick red spectrum). The chemical 
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shift of +2.9 eV compared to the elemental substrate signal exceeded the position 
of 101.6 expected for pure Si3N4 [105,107,108] and rather complied with an 
oxynitride phase such as Si2N2O [108]. On the one hand, the XPS results dis-
proved the existence of direct O-N bonds on the samples and indicated the com-
plete coordination of both species with Si, respectively. On the other hand, the 
Si2p intensity distribution (Figure 12, red spectrum) suggested that many silicon 
atoms in the surface layer were coordinated partially with oxygen and partially 
with nitrogen [66,103,104], but the results did not allow the identification of a fix 
oxynitride stoichiometry on our samples so far. The experiments with N2 anneal-
ing only (not shown here) led to lower N1s/O1s intensity ratios and the Si2p line 
shape indicated the coexistence of SiO2 with some oxynitride phase [66,103]. 
Since Si3N4 formation started well below the critical temperature for oxide re-
moval (Table 3), N2 was not suitable as inert gas when used as a process gas for 
Si(100) preparation in a MOVPE reactor. Since we even observed oxygen con-
taminations after annealing of clean Si(100) surfaces in N2, the results were not 
directly comparable to the preparation in purified H2 (Table 3). Instead, we re-
quired a definitely inert alternative process gas to derive conclusions about the 
influence of the process gas on thermal oxide removal. The installation of argon at 
the carrier gas supply enable the investigation of Si(100) deoxidation in a noble 
gas. Actually, annealing for 30 min at a pressure of 950 mbar at a surface tempera-
ture of about 1000°C removed the protective SiO2 layer (Table 3). However, the 
annealing temperature of 950°C failed to clean Si(100) substrates in Ar, while it 
was reliably sufficient for surface preparation in H2 under identical conditions 
(Table 3). 
The critical surface temperature for oxide removal in the CVD environment de-
termined from our experiments appear essentially consistent with the deoxidation 
mechanism in UHV [72,74,75] and the lower preparation temperature required 
there [10] under the assumption of a physical restriction of SiO desorption due to 
the process gas flow [57]. In hydrogen, the critical temperature for oxide removal 
decreases with pressure. In argon at identical process pressure, also high tempera-
tures were required, which even slightly exceeded the values for hydrogen. Be-
sides that, also the results obtained by SiH4 injection to the process gas might 
support the existence of an additional deoxidation mechanism assisted by the 
presence of hydrogen, but do not provide clear evidence. We currently plan de-
tailed experiments to characterize the interaction of a hydrogen-based CVD ambi-
ent with Si(100) surfaces directly using in situ optical and post preparation infra-
red spectroscopy. 
3.4 Variation of essential substrate parameters 
In the previous sections, we carried out an analysis of the thermal oxide removal 
from Si(100) in our MOVPE reactor considering the essential preparation parame-
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ters independently of the type of substrate. A certain wet-chemical pretreatment 
strategy [10] was employed in order to ensure well-defined starting conditions, 
but we also conducted comparative experiments to investigate the dependency of 
the substrate cleaning procedure on the type of surface termination prior to CVD 
processing. Due to the possibility of diffusion of residual oxygen contained in the 
substrates to the surface during annealing, we also considered the type of crystal 
manufacturing technique as a relevant parameter for the ability to remove the ox-
ide. 
3.4.1 Comparison between wet-chemical and native oxide layers 
The control over undesired impurities when applying different strategies of wet-
chemical Si(100) substrate pretreatment strategies essentially depends on the pre-
vention of subsequent recontaminations from the ambient atmosphere. The lack of 
reproducibility of H-terminated Si(100) surfaces produced by a final HF-dip justi-
fied the protection of cleaned substrates by an intentional, wet-chemical formation 
of a well-defined oxide layer suitable for removal in UHV at relatively low tem-
perature [10]. In contrast, several studies reporting on III-V growth on Si(100) and 
utilizing the same pretreatment for MOVPE preparation of the substrates 
[45,53,54,55,64,76,98] employed significantly higher temperatures of around 
950°C to clean the samples, in agreement with our observations (see previous 
sections). Several comparative oxide removal experiments using both natively and 
chemically oxidized samples (Table 4) addressed the question, whether results of 
the Si(100) preparation in a CVD environment depended on the type of oxide 
layer. 
Table 4: Comparison of the residual oxide thicknesses dox calculated according to XPS meas-
urement according to Eq. 1 between Si(100) samples with native and wet-chemically pre-
pared SiO2 layers various CVD processes. 
annealing process none T low standard p low SiH4 injection 
H2 pressure [mbar] --- 950 950 100 950 
surface temperature [°C] --- 850 950 925 850 
chemical oxide: dox [Å] 8.3 5.7 0.0 0.0 4.0 
native oxide: dox [Å] 8.2 6.6 0.0 7.4 8.9 
 
Our experiments did not indicate any substantial difference of the oxide removal 
when using native or chemical oxide layers on Si(100) substrates. At a pressure of 
950 mbar, annealing in H2 always led to identical results (Table 4): For each of 
many experiments, XPS detected either the absence of oxygen on both substrate 
types or quite similar residual oxide layer thicknesses. Even with different prepa-
ration environments, only very few discrepancies in the residual oxide content 
were observed: The difference between the two samples processed in parallel 
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(with identical preparation parameters) in H2 at a pressure of 100mbar most 
probably resulted from coincidence with slightly worse thermal coupling of the 
susceptor to the natively oxidized sample. At this low pressure, significant offsets 
between the susceptor temperature and the actual value at the surface were com-
monly detected (section  3.3.4), while only the surface temperature of one of the 
samples could be monitored by an optical in situ probe. Besides reducing the criti-
cal temperature for oxide removal, admixture of small SiH4 quantities to the stan-
dard H2 process gas also led to slightly different residual oxide films after anneal-
ing at 850°C. However, here the homogeneity of the native oxide films was not 
checked before performing the experiments. 
3.4.2 Comparison of differently manufactured Si(100) substrates 
Although none of the experiments resulted in a strong indication of an influence 
of the oxide type on the oxide removal, we carried out the ‘Shiraki’ procedure [10] 
as our standard for further experiments to ensure a well-defined contamination 
control and proper comparability between results from all samples. In future ex-
periments, XPS investigations of structural differences between different SiO2 
films or their interfaces with the substrate require a higher resolution of the indi-
vidual sub-oxide peaks within the Si 2p photoemission line [69,70,87] as is only 
achievable with synchrotron radiation as light source. Our experiments so far 
show that, eventually, the omission of wet-chemical pre-treatment might be an 
economical option for future production processes, if supply with natively oxi-
dized substrates without other impurities can be guaranteed. 
The need for successful and complete thermal oxide removal for the preparation 
of Si(100) surfaces in CVD environments did not only involve obtaining a thin, 
well-defined SiO2 top layer, but also included oxygen impurities in the bulk of the 
substrate [109,110] which potentially diffused during annealing. Crystal growth 
processes utilized in Si wafer manufacture of course incorporate certain quantities 
of light impurities: Common ‘Czochralski’ (CZ) silicon typically contains an oxy-
gen concentration of about 1018 cm-3, while the elaborate ‘float zone’ (FZ) process 
allows a significant reduction. Considering potential costs for industrial produc-
tion, we chose CZ Si(100) as standard substrates for our investigations and ob-
tained FZ Si(100) manufactured from identical basic material for comparison. 
Oxide removal from both types of substrate conducted in H2 at 950 mbar for vari-
ous annealing temperatures did not result in any obvious differences. Secondary 
ion mass spectroscopy (SIMS) provided a quantitative measure for the oxygen 
concentration contained in the investigated substrates (Figure 13). 
Apart from sputtering artifacts from the oxidized surfaces, quantitative SIMS 
depth profiles showed the constant intrinsic oxygen concentration levels of un-
treated CZ and FZ substrates (Figure 13, black lines) of about 9.2×1017 cm-3 and 
about 5×1016 cm-3, respectively. 
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Figure 13: Quantitative SIMS measurements of the oxygen concentration in different Si(100) 
substrates plotted over sputtering depth. Higher concentrations at the onset of the spectra 
are due to SiO2 layers at the surface and the well-known effect of recoil implantation. Higher 
measurement depths confirm the different intrinsic oxygen concentration levels associated to 
CZ (top) and FZ (bottom) manufacturing of Si. The curve recorded after thermal annealing 
in H2 shows a thermally activated trend for the diffusion of oxygen from the bulk to the sur-
face of the samples. 
Moderate H2 annealing at 850°C, which was insufficient to remove the protective 
oxide layer, induced significant changes in the oxygen distribution in the bulk of a 
CZ Si(100) sample (Figure 13, grey line). Within a distance of some hundreds of 
nanometers from the surface, a considerable reduction of the impurity level (up to 
a factor of three) was observed, which gradually returned to the bulk level meas-
ured in untreated silicon substrates. The result corresponded to a total loss of oxy-
gen in the bulk near the surface, which can only be explained by oxygen diffusion 
to the Si(100) surface [109,110,111]. However, the effective amount of oxygen 
which diffused to the surface remained negligible in comparison with that already 
contained in the protective oxide layer at the surface. The material depths affected 
by oxygen diffusion increased significantly for higher annealing temperatures, but 
the formation of an additional SiO2 monolayer would have required the oxygen 
impurity content of a several µm thick layer at a concentration observed in the 
bulk of CZ silicon. Although our results excluded a decisive impact of oxygen 
diffusion on the thermal oxide removal from the surface, the annealing caused 
significant changes of the intrinsic impurity level in the material [109,110,111]. 
3.5 Atomic surface structure after thermal oxide removal 
The choice of crucial parameters during Si(100) substrate manufacturing already 
sets the stage for the atomic surface structure after thermal removal of the protec-
tive SiO2 layer. On the one hand, the chosen degree of wafer misorientation de-
termines the principal step density of the cleaned Si(100) surface. On the other 
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hand, the off-cut direction with respect to the symmetry of the bulk lattice simul-
taneously determines the potential interplay between the step edges and the sur-
face reconstruction mechanism [36]. Due to undesirable anti-phase boundary ini-
tiation at single (or odd-numbered) layer steps [29,30], the systematic formation 
of double layer steps [39,112] on the substrate surface prior to III-V on Si(100) 
hetero-epitaxy represents a crucial challenge for the CVD preparation of Si(100) 
[53]. Since the type of Si(100) step structures observed in UHV critically depends 
on the principal step density, we chose 0.1°, 2° and 6° wafer misorientations to-
ward the desirable [011] direction [37] to obtain a representative investigation 
[61]. 
3.5.1 Surface reconstruction and domain distribution 
In principle, dimer formation on Si(100) surfaces [34] induces a (2x1) symmetry. 
Since single-layer surface steps separate terraces with perpendicular dimer orien-
tation [34,35] resulting in a characteristic two-domain (2x1)/(1x2) surface recon-
struction. The systematic formation of double layer steps theoretically explained 
by Chadi [36] and experimentally observed for vicinal surfaces with high step 
density [37] is equivalent to a single-domain reconstruction. For all Si(100) sub-
strate types which were prepared by thermal oxide removal in hydrogen, LEED 
measurements showed clear diffraction patterns [Figure 14] indicating clean sur-
faces with a well-ordered atomic structure. 
 
Figure 14: Typical 100 eV LEED patterns observed at Si(100) substrates, misoriented by 0.1° 
(a), 2° (b) and 6° (c) in the [011] direction, after CVD oxide removal: In (a) and (b), typical 
half-order diffraction spots in both directions confirmed a two-domain (2x1)/(1x2) surface 
reconstruction.  However, some fine structure due to the periodicity of the step edges also 
occurred for higher off-cut angles and interferes with evaluation of the domain content, es-
pecially in (c). 
Figure 14 displays a comparison of the LEED patterns typical of the investigated 
Si(100) wafer misorientations directly after thermal oxide removal in the MOVPE 
reactor, each measured with the identical incident electron energy of 100 eV. The 
diffraction pattern of the only slightly off-cut substrate (Figure 14(a)) is essen-
tially identical to the distinctive two-domain (2x1)/(1x2) surface reconstruction 
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well-known from UHV prepared Si(100) [34,113]. Equally intense half-order dif-
fraction spots (see arrows in the LEED images) in both surface directions indicate 
the presence of both surface reconstruction domains without any obvious prefer-
ence for either. Principally, terraces of perpendicular dimer orientation can only be 
separated by step configurations with odd-numbered atomic step height [36], but 
these steps also initiate undesirable anti-phase disorder during the heteroepitaxial 
growth of typical compound semiconductors on such substrates [29,30,53]. 
On the vicinal Si(100) substrates with 2° (Figure 14(b)) and 6° (Figure 14(c)) 
misorientation, we observed some additional fine structure of the diffraction spots 
in the off-cut direction (encircled in Figure 14). Here, the LEED spots in [011] 
direction split due to the periodicity given by the distance of the step edges on the 
surface [114] and thereby reflected the average reciprocal terrace width. The clear 
observation of the splitting confirmed a high regularity of the actual step struc-
tures. Judging from the LEED patterns, the utilized CVD procedure resulted in 
smooth Si(100) surfaces without any indication for step bunching or faceting. As 
in the case of the almost exactly oriented Si(100), the LEED patterns of CVD-
cleaned vicinal substrates with 2° off-cut (Figure 14(b)) always showed half-order 
diffraction spots in two crystallographic directions, which correspond to the exis-
tence of undesirable single layer steps. For 6° off-cut (Figure 14(c)), the inequiva-
lent intensity distribution in the LEED patterns might indicate some imbalance 
between the surface reconstruction domains, but the splitting of the diffraction 
spots in only one direction, of course, interfered with a thorough observation of 
the spot intensities. For a clearer impression of the half order spots in the [011] 
direction of the 6° off-cut sample of Figure 14(c), Figure 15 shows LEED images 
measured at the same surface, but with different primary energies. 
 
Figure 15: Typical LEED patterns observed at the Si(100) substrate of Fig 1(c) with 6° 
misorientation in the [011] direction with incident beam energies of 60 eV (a), 70 eV (b), and 
80 eV (c): The expected positions for half-order diffraction spots in the [011] direction are 
indicated by white circles. 
In the LEED images shown in Figure 15, the regions, where the half order spots in 
the [011] direction are expected, are highlighted by white circles. At these posi-
tions, the spot intensities are dependent on 
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i. the presence of residual (1x2) surface reconstruction domains, 
ii. the spot splitting according to 6° off-cut, and 
iii. the incident electron beam energy. 
In fact, we always observed half order contribution to the LEED pattern in the 
[011] direction with varying intensity. For example, pronounced (1x2) spots can 
be seen at the lower left-hand position of the 60 eV (Figure 15(a)) as well as at the 
lower centre position of the 70 eV (Figure 15(b)) and 80 eV (Figure 15(c)) im-
ages. Hence, energy-dependent LEED observations at 6° off-cut Si(100) samples 
after oxide removal in our MOVPE reactor provided evidence of the presence of 
residual (1x2) surface reconstruction domains in the [011] direction. 
Although LEED was not suitable to quantify the distribution of surface recon-
struction domains on vicinal substrates, the presence of a residual, second domain 
on our CVD-prepared Si(100) even for larger degrees of misorientation did not 
agree completely with standard UHV results for clean surfaces [51]. Producing 
single-domain Si(100) surfaces with double-layer steps via oxide removal in UHV 
by simple thermal treatment is well-known and well-established for sufficiently 
large misorientations [39,112]. A possible source of discrepancies between the 
different preparation procedures in the different environments, UHV versus CVD, 
originated from the physical and chemical interaction of the surface of the sample 
with or without the process gas. Presumably, hydrogen bonds at the surface 
changed the energetics of dimer formation, step configurations and surface diffu-
sion. Since both the technological aim [29] as well as the general potential [36] for 
single-domain Si(100) are based on the atomic configuration of the step structure, 
further considerations required a microscopic analysis of the surfaces. 
3.5.2 Atomic structure and surface morphology 
On the microscopic level, scanning probe techniques provided insight into the 
actual Si(100) surface structures. While subsequent ex situ AFM enabled rather 
rough inspections of the morphology on a µm scale, UHV-based STM, accessible 
by a direct transfer from the MOVPE reactor to UHV [13], allowed to analyze the 
crucial step configurations of the Si(100) surfaces in much more detail down to 
atomic resolution. The choice of 0.1°, 2° and 6° misorientations towards the [ ]011  
direction implied basic conditions with very different step densities. Many studies 
[34,37,39,51] have discussed the consequences for the UHV preparation of 
Si(100) and served as detailed references for our results obtained after thermal 
oxide removal in a CVD environment. 
3.5.2.1 Si(100) with slight misorientation (0.1° towards [011]) 
Assuming only single-layer steps, the slight off-cut of only 0.1° determined an 
equivalent average terrace width of about 80 nm for these Si(100) substrates in 
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good agreement with our observations. Figure 16 shows a typical area of a sub-
strate deoxidized by our standard H2 annealing procedure (section  3.2). 
Monolayer steps prevailed in the microscopic surface morphology and separated 
domains attributed to perpendicular dimer orientations. Although Figure 16 did 
not provide atomic resolution, differences in the arrangement of adjacent terraces 
are obvious: All terrace edges are frayed, but the appearance changes direction 
between adjacent terrace edges. Elongated fringes occur on every other terrace 
perpendicular (in [011] direction) to the general step direction, while they are par-
allel (in [ ]110  direction) on the terraces in-between. In analogy to theoretical re-
sults [36,115,116], different step formation energies depending on the dimer ori-
entations at the step edge probably determined the driving force for the 
microscopic arrangement. 
 
Figure 16: Empty state image (VSample = + 1.2 V, It = 400 pA) of a thermally deoxidized Si(100) 
surface on a substrate with 0.1° misorientation toward [011]: Frayed monolayer steps domi-
nate the surface structure, the alternating directionality allows straightforward differentia-
tion between SA and SB type steps. 
Due to the symmetry of the diamond crystal structure, the binding orientation al-
ternates for each monolayer and the Si(100) surface reconstruction mechanism 
induces a change of the dimer orientation between adjacent terraces unless dou-
ble-layer steps are formed. In the notation established by Chadi [36], single layer 
steps with dimers on the upper terrace oriented either perpendicular (SA) or paral-
lel (SB) to the step edge occurred. Calculations of the step formation energy [36] 
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favor the formation of SA type steps over the SB type steps on clean Si(100) in 
UHV. Actually, the situation depicted in Figure 16 agreed well with the preferen-
tial elongation of one of these step types (solid lines) due to frequent interruption 
of the other one (dashed lines). Compared to the basic step configurations on 
(2x1)/(1x2) reconstructed Si(100) surfaces described by Chadi [36], differences in 
the step structure occurred in our studies due to interactions with the chemical 
environment (process gas) and a potential H-termination of the surface [47]. High 
resolution STM imaging (Figure 17) eventually proved that the elongated step 
type seen in Figure 16 featured a dimer orientation perpendicular to the step edge 
on its upper terrace. Consequently, the energetic preference for SA type steps rep-
resented a direct analogy to clean Si(100) without H-termination in UHV as de-
scribed by Chadi [36]. 
 
Figure 17: Atomically resolved empty state image (VSample = + 1.3 V, It = 50 pA) of thermally 
deoxidized Si(100) with 0.1° misorientation in [011] direction: At the monolayer step, the 
direction of the Si surface dimers changes. According to the definition of step types, the as-
signment switches between SA and SB where kinks occur, as illustrated in the image. 
In detail, Figure 17 shows the microscopic vicinity around an SA type step with 
atomic resolution. The resolution of individual Si atoms (indicated as dots) and 
variations of their distance in bonding direction enabled the reliable identification 
of Si dimers [49,117]. Perpendicular to the respective bonding direction, the 
atomic distances remained constant, which led to the impression of characteristic 
Si dimer rows (indicated as lines). At the single atomic step edges, the orientation 
of the dimers (and dimer rows) changed to the perpendicular directions. Corre-
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sponding LEED measurements (section 3.1) displayed averaged information of 
surfaces of similar samples (Figure 14(a)) and showed the superposition of surface 
reconstruction domains with (2x1) and (1x2) symmetry induced by the respective 
dimer orientations on the terraces. The classification of the step in Figure 17 as SA 
type resulted from the single atomic height (S) and perpendicular orientation of 
the dimers relative to the step edge on the upper terrace (type A) [36]. 
Since step edges observed in our STM studies on Si(100) surfaces with 0.1° off-
cut substrates neither ran straight nor parallel, contrary to the expectation based on 
the manufacturer’s specifications, we also performed systematic inspections of the 
surface morphology on larger length scales with subsequent ex situ AFM (Figure 
18). Typical images obtained after thermal removal of the protective oxide layer 
(Fig. 5a) showed that the step edges were roughly oriented in the [ ]110  direction 
(from left to right in Figure 18(a)) in agreement with the projection of the misori-
entation in the [ ]011  direction according to the specification. However, the step 
structures appeared irregular and slightly curved. The ridges with a typical dis-
tance of 1 to 1.5 µm extending in the [ ]011  direction were a result of several steps 
merging. In order to compare different preparation routes, we carried out AFM 
measurements on samples prepared by the identical CVD procedure from the 
same substrate, but without wet-chemical pre-treatment (Figure 18(b)). Figure 
18(a) and Figure 18(b) show qualitatively similar surface morphologies after 
thermal removal of the different oxide films. Therefore, the wet-chemical etching 
procedure could be ruled out as the origin of the ridges, which were rather attrib-
uted to polishing artifacts from wafer manufacturing or perhaps to non-uniform 
deoxidation processes [57,118]. 
 
Figure 18: AFM images of deoxidized Si(100) surfaces: Both substrates were 0.1° misori-
ented towards [011], but prior to thermal oxide removal in H2 they were covered either with 
a wet-chemical protective oxide layer (a) or with the native oxide of the wafer (b). 
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The microscopic surface structures observed on 0.1° off-cut Si(100) substrates 
directly after CVD surface preparation appeared consistent with UHV results in 
the literature. However, Ref. [53] reports on preferential double step formation on 
quite similar substrates in a CVD environment, but the sample preparation in-
volves a specific buffer growth and annealing procedure. The step structure of our 
deoxidized Si(100) as depicted in Figure 16 already indicates a significant differ-
ence in step formation energy depending on the step type and, therefore, a poten-
tial origin for an imbalance of surface reconstruction domains induced by growth. 
However, the preparation of single-domain Si(100) surface structures on slightly 
misoriented substrates in a MOVPE reactor reported in ref. [53] still represents a 
distinct difference to our CVD and standard UHV results [39,50,51,112]. Accord-
ing to the theoretical calculations by Chadi [36], on clean Si(100) the formation 
energies of double-layer steps with Si dimers parallel (DB) to the step edges are 
more favorable than DA steps (Si dimers perpendicular to step edges) or combina-
tions of SA and SB steps. STM results from UHV prepared samples confirmed the 
suggested double-layer step formation mechanism, if the step density exceeded a 
value corresponding to a substrate misorientation of around 2.5° [39,112]. 
3.5.2.2 Si(100) with intermediate misorientation (2° towards [011]) 
Our LEED results obtained after deoxidation of vicinal Si(100) substrates ex-
cluded the preparation of purely single-domain surfaces: we found two almost 
equally weighted domains on 2° (Figure 14(b)) and the presence of a residual mi-
nority domain on 6° (Figure 14(c) and Figure 15) substrates. A thorough evalua-
tion required deeper insight into the actual step structures. In fact, the thermal ox-
ide removal from 2° Si(100) samples led to a complex surface structure involving 
roughening on a µm scale (Figure 19(a)). With higher spatial resolution, we ob-
served varying, but highly regular step structures (Figure 19(b)), which were not 
always directly correlated to the general misorientation of the Si(100) substrate in 
terms of step density as well as step orientation. 
 Figure 19(a) exhibits an array of flat terraces separated by areas with non-uniform 
morphology. Some of the terraces show clearly visible step structures with typical 
step widths of a few tens of nm. Due to its limited resolution, the STM image of 
Figure 19(a) did not allow a precise determination of the step heights, but their 
straight appearance did not agree with the frayed structure of SB type steps shown 
in Figure 16. Hence, Figure 19(a) represents an indirect indication for partial dou-
ble step formation, since single stepped areas necessarily involve alternating SA 
and (frayed) SB steps. Several of the terraces are entirely flat without any struc-
ture, which, in contrast to the other terraces, suggests that they are exactly (100) 
oriented. In areas separating the terraces in Figure 19(a), the local misorientations 
differ significantly in direction and magnitude, which of course affects the local 
step density and orientation as well as the appearance of the possible step types. 
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Figure 19: Empty state images of thermally deoxidized Si(100) with  2° misorientation in 
[011] direction: The large scale image (a) (VSample = + 1.2 V, It = 60 pA) shows a typical array 
of terraces separated by rougher regions in-between. In the high-resolution image (b) (VSample 
= + 1.5 V, It = 50 pA), the step structure of one of the rougher regions of part (a) is visible in 
more detail. 
We recorded several high resolution STM images at different positions between 
the terraces visible in Figure 19(a), which clearly resolved the local step structure, 
as exemplarily shown in Figure 19(b).  Here, the local gradient is in the direction 
of the specified substrate misorientation, but the magnitude of about 1.1° is lower 
than expected. Two types of steps, appearing alternately in the image, can clearly 
be distinguished: every other step appears straight, almost without kinks, while 
the steps in-between look rather frayed. The step heights are consistent with 
monolayer steps and, as in the case of the 0.1° misoriented samples (Figure 16), 
we can identify the straight steps with the SA type, while the frayed ones corre-
spond to the SB type. The terraces separated by the two different step types are of 
similar size, leading to a similar distribution of dimers oriented in [011] and [0-11] 
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direction, in good agreement with the LEED observation of a two-domain surface 
(Figure 14(b)). 
3.5.2.3 Si(100) with high misorientation (6° towards [011]) 
Figure 20 shows STM images of a sample with 6° off-orientation. In the main 
image, steps with irregular spacing are visible, which do not correspond to mono- 
or double-layer steps but to step bunches of irregular height and distance. Due to 
this irregular local distribution of steps, the surface is not smooth on a lateral scale 
of around 1 µm, with height variations in the order of 3 nm. The inset shows a 
small region of the surface with higher resolution, where dimers are visible, but, 
due to a non-ideal tip, atomic resolution comparable to the images shown before 
was not achieved for this sample after thermal oxide removal in hydrogen. The 
image shows predominantly double layer steps, but these include many defects, 
particularly missing dimers and missing dimer rows. The dimer rows are oriented 
perpendicular to the step edges, and therefore the steps are of the DB type. In order 
to clarify the atomic structure of the 6° Si(100) surface we also characterized 
similar samples after growth of a thin homoepitaxial buffer layer (Figure 21). 
 
Figure 20: Empty state images of thermally deoxidized Si(100) with 6° misorientation in 
[011] direction: The large scale image (VSample = + 1.3 V, It = 70 pA) shows step structures 
with irregular spacing, while the inset (VSample = + 0.9 V, It = 520 pA) depicts a region with 
predominantly double layer steps in high-resolution where the Si dimers are clearly visible. 
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Figure 21: Empty state images (VSample = + 1.3 V, It = 100 pA) of a Si(100) substrate with 6° 
misorientation in [011] direction after growth of a thin homoepitaxial buffer layer: The ir-
regular step structure is characterized mainly by double-layer steps. Individual single-layer 
and triple-layer steps are indicated by dotted and dot-dashed white lines, respectively. 
The STM image in Figure 21 shows an irregular step structure of a 6° Si(100) 
surface with atomic resolution. It is characterized mainly by double-layer steps, 
but single-layer and triple-layer steps occur in several places. In Figure 21, single- 
and triple-layer steps are indicated by broken white lines, with the remainder of 
the step edges belonging to double-layer steps. Single- and triple-layer steps nec-
essarily delimit terraces of the residual (1x2) surface reconstruction domains, 
where dimer rows run parallel to the step edge, as opposed to the majority (2x1) 
domain, where they run perpendicular. Hence, Figure 21 does not show a single-
domain Si(100 surface, but suggests the presence of a minority domain covering a 
surface fraction of about 10-20%. Besides buffer growth, this 6° off-cut sample 
was prepared identically to that of Figure 20. Lower resolution STM images of the 
samples of Figure 20 and Figure 21 showed very similar surface structures, and 
the superstructures in their LEED images agree very well. Therefore, the image in 
Figure 21 is likely to provide a good indication of the atomic surface structure of 
6° Si(100) prepared in the CVD environment. In summary, the surface exhibits a 
tendency towards double layer steps, but is far from ideal, especially in compari-
son with the UHV-prepared clean Si(100) surface at large misorientations 
[39,112]. 
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3.6 The role of hydrogen during CVD surface preparation 
Advanced control over Si(100) surface structures represents a crucial requisite for 
the heteroepitaxial integration of compound semiconductors with silicon [3], 
which is desirable for an increasing number of technological applications [30]. 
While detailed knowledge about clean Si(100) and its preparation in ultra high 
vacuum (UHV) results from extensive research activities [35], optoelectronic III-
V devices are commonly manufactured by metal-organic vapor phase epitaxy 
(MOVPE). Only few studies [47,48] consider the interaction of Si(100) surfaces 
with hydrogen-based process ambients typical for chemical vapor deposition 
(CVD) processing, even though it represents the common standard for high-
performance device production. 
Simultaneously, the potential influence of hydrogen on the atomic surface struc-
ture of Si(100) substrates [51] is of major interest: during heteroepitaxial integra-
tion of polar compound semiconductors on non-polar Si(100) surfaces, single-
layer steps of the substrate initiate undesirable anti-phase boundaries [29], while 
the formation of double-layer steps, predicted by surface energy calculations [36], 
suppresses anti-phase disorder [3]. According to experimental observations in 
UHV, the preference for double-layer steps prevails at least for vicinal Si(100) 
with sufficiently high step densities [37,39], whereas exposure to atomic hydrogen 
represses the occurrence of double-layer steps [51]. Although chemical vapor en-
vironments typically involve hydrogen as carrier gas and as precursor fragment, 
Kunert et al. [53] recently reported a VPE preparation route for Si(100) resulting 
in a predominance of double-layer steps on specific substrates with only slight 
off-orientation in [011] direction. 
Hence, there is no consensus on the interaction of hydrogen from CVD environ-
ments with Si(100), neither regarding the impact on oxide removal and surface 
preparation, nor regarding the influence on the atomic surface structure and the 
step configuration. In this section, we use several surface sensitive instruments to 
substantiate the presence of hydrogen on CVD-prepared Si(100) substrates [62]: 
Fourier-transform infrared spectroscopy (FTIR) showed coupled Si-H bonds and 
verified a nearly single-domain surface according to the dominance of one dimer 
orientation; scanning tunneling microscopy (STM), resolving individual Si-
dimers, proved the complete hydrogen saturation of the dangling bonds by tip 
induced hydrogen desorption; and in situ reflectance anisotropy spectroscopy 
(RAS) showed the absence of the hydrogen termination during the thermal anneal-
ing steps associated with the CVD preparation of Si(100) surfaces. 
3.6.1 Verification of Si-H bonds on CVD-prepared Si(100) 
The variation of the process gas between pure H2, diluted SiH4 and pure Ar during 
thermal annealing of Si(100) substrates indicated an active role of hydrogen in the 
removal of the protective oxide layer (section  3.3). Eventually, we performed Fou-
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rier-transform infrared spectroscopy (FTIR) to obtain direct evidence for an inter-
action of the H2 process atmosphere with the substrates. After wet-chemical 
treatment [10], thermal annealing at 1000°C under flow of purified hydrogen at 
nearly atmospheric pressure (950 mbars) in our MOVPE reactor removed the pro-
tective SiO2 layer. Following growth of a homoepitaxial buffer layer by exposure 
to the precursor silane, a dedicated sample transfer involving a mobile UHV 
chamber [13] enabled contamination-free access to several remote surface analy-
sis systems, as confirmed by X-ray photoelectron spectroscopy [59,119]. A com-
mercial FTIR spectrometer (Bruker IFS 66v/S) was used to conduct hydrogen-
sensitive ATR measurements in a dedicated UHV chamber designed to fit into the 
sample compartment of the spectrometer. For further characterization of the inter-
action of the process gas with the Si(100) surfaces during CVD preparation, we 
investigated similarly prepared samples by STM (Specs 150 Aarhus STM) and by 
optical in situ spectroscopy (LayTec EpiRAS 200). 
If the sample environment contained reactive hydrogen species, they would react 
with the cleaned Si(100) surface and form rather stable Si-H bonds observable as 
characteristic absorption lines by FTIR spectroscopy. An attenuated total reflec-
tion (ATR) configuration enabled surface sensitive FTIR measurement [120], but 
required a special sample geometry (ATR crystal) realized in a low doped mate-
rial. For this study, an ATR crystal manufactured from 2° misoriented vicinal 
Si(100) substrate directly served as the sample [23].  
 
Figure 22: Surface sensitive FTIR spectra measured in an attenuated total reflection (ATR) 
configuration at a Si(100) sample before (grey) and after (black) thermal oxide removal in 
H2. Clear features emerged in the region around 2100 cm-1 and can be assigned to the sym-
metric and asymmetric stretch modes of coupled Si-monohydrides. 
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Figure 22 shows FTIR spectra measured at the wet-chemically cleaned sample 
[10] before (grey) and after (black) annealing at 950°C in pure H2 at 950 
mbar.The analysis presented in Figure 22 based on single channel spectra and the 
application of a linear background as reference for the relevant range [23], since 
no adequate reference sample was available. Before the annealing procedure, a 
protective oxide layer [10] covered the Si(100) ATR substrate and the spectra 
(Figure 22, red line) contained no indications for hydrogen bonds in the crystal or 
at its surface. After thermal oxide removal in H2, additional absorption lines 
showed up (Figure 22, black line) in the range characteristic for Si-H vibrational 
modes [47,79]. Apparently, some reaction of the process gas with the sample 
formed a considerable amount of Si-H bonds during annealing. The long optical 
path of the IR signal due to multiple internal reflections induced a high sensitivity 
for relatively rare chemical bonds compatible with surface species or with very 
low concentrations in the bulk. The required temperature for oxide removal in H2 
could have enabled hydrogen diffusion into the substrate and reactions with impu-
rities or defects. However, the two absorption lines observed at about 2099 cm-1 
and 2088 cm-1 [Figure 22] complied very well with the symmetric (2099 cm-1) 
and the antisymmetric (2087 cm-1) stretch modes of the coupled Si-H mono-
hydrides as observed at Si(100) surfaces after atomic hydrogen supply in UHV 
[79]. 
3.6.2 Polarization dependence of the ATR spectra  
The assignment of the Si-H bonds to the prepared Si(100) surface assumes its 
termination by H-Si-Si-H dimers. However, pure, hydrogen free Si(100) also re-
constructs by the formation of an analogous dimer configurations, only terminated 
by dangling bonds instead of hydrogen. Both the observation of (2x1)/(1x2) sym-
metry by LEED (section  3.5.1) as well as the resolution of individual Si-dimers by 
STM (section  3.5.2) on Si(100) substrates similar to the ATR crystal used for 
FTIR could not differentiate atomic surface configurations with and without hy-
drogen, and, in consequence, could not confirm either of the cases. The character-
istic coupling of the coupled monohydride stretch modes to polarized IR radiation 
dependent on the orientation of the H-Si-Si-H dimers [52,121] provided direct 
evidence for the assignment of all Si-H bonds to the Si(100) surface by the FTIR 
measurements shown in Figure 23. 
The ATR data measured at our VPE-prepared Si(100) samples showed two major 
absorption peaks at positions assigned to the characteristic stretch modes of cou-
pled Si-H monohydrides [121] in agreement with previous CVD studies [47,48]. 
The adsorption of atomic hydrogen at the residual dangling bonds of a typical 
(2x1)/(1x2) reconstructed Si(100) surface leads to H-Si-Si-H dimers vibrating in 
symmetric and antisymmetric modes and absorbing at about 2099 cm-1 and 2088 
cm-1, respectively. The visibility of the lines in ATR spectra measured with polar-
ized IR radiation [Figure 23] depends on the orientation of the induced electric 
dipole moments [121]. 
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Figure 23: ATR-spectra of VPE-prepared Si(100) employing s-polarized and p-polarized 
radiation and associated LEED pattern (inset) of the same sample: Absorption at 2099 cm-1 
and 2088 cm-1 is assigned to the symmetric and antisymmetric stretch modes of the Si-H 
monohydride, respectively. In agreement with the (2x1)/(1x2) symmetry observed by LEED, 
almost equal intensity of the antisymmetric stretch mode in both s- and p-polarized spectra 
indicates a two-domain Si(100) surface.  
Figure 23 shows two ATR spectra in the spectral region of the characteristic Si-H 
absorption bands measured at the same CVD-prepared Si(100) sample, but with 
different polarization. As sketched in the inset, the dipoles associated with the 
symmetric stretch mode are perpendicular to the surface and therefore only couple 
to p-polarized radiation, while the dipoles of the antisymmetric stretch mode are 
oriented within the surface plane and potentially couple to both polarizations. 
Since almost equal absorption was observed with either polarization direction 
[79], the quantity of monohydride terminated Si-dimers oriented in the plane of 
incidence was comparable to those with perpendicular orientation. In agreement 
with the associated (2x1)/(1x2) LEED pattern (Figure 23, inset), the ATR result 
indicated the preparation of a two-domain Si(100) surface reconstruction.  
3.6.3 Verification of nearly single-domain Si(100)  
The variation of our VPE surface preparation procedure to slower cooling in the 
presence of molecular hydrogen eventually enabled us to prepare almost single-
domain Si(100) surfaces (section  3.7). In contrast to the polarized ATR measure-
ments at CVD-prepared Si(100) of Refs. [48] and [47], our data [62] depicted in 
Figure 24 shows intense absorption at 2088 cm-1 for p-polarization, but only a 
weak line for s-polarization, instead of very similar intensities that were observed 
in these studies. The effect is due to the distribution of dimer orientations in corre-
lation with the relative extent of the associated surface reconstruction domains. 
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Figure 24: ATR-spectra of nearly single-domain Si(100) prepared by VPE employing s-
polarized and p-polarized radiation: Absorption at 2099 cm-1 and 2088 cm-1 is assigned to 
the symmetric and antisymmetric stretch modes of the Si-H monohydride, respectively.  The 
different intensity of the antisymmetric stretch mode in both s- and p-polarized spectra indi-
cates a nearly single-domain Si(100) surface. Minor absorption lines at 2099 cm-1 and 2088 
cm-1 are probably due to hydrogen bonds at double-layer step edges. 
The results shown in Figure 24 indicate the preparation of a nearly single-domain 
Si(100) surface reconstruction with most H-Si-Si-H dimers oriented parallel to the 
plane of incidence and only few oriented in the perpendicular direction. Since 
their antisymmetric stretch modes couple almost equally to radiation in the respec-
tive polarization directions [79], the intensity ratio between both absorption lines 
directly reflects the domain distribution. Based on the data presented in Figure 24, 
we estimate the residual content of the minority surface reconstruction domain on 
our sample as less than 20%. Besides the coupled monohydride vibrations, Figure 
24 also shows two minor absorption lines at about 2063 cm-1 and 2126 cm-1, 
respectively. Since we did not observe these on explicitly two-domain Si(100) 
samples (not shown here), an association to characteristic Si-H configurations 
located at the edges of double-layer steps [122] appears very likely. 
3.6.4 Confirmation of a complete monohydride termination 
The visibility of Si-dimers in ATR spectra depends on their saturation with hydro-
gen. Ref. [47] shows a distinct dependence of the peak intensities associated with 
coupled monohydrides on the hydrogen partial pressure during sample preparation 
without observing any additional Si-H bands. Accordingly, saturated and unsatu-
rated dimers may coexist on a Si(100) surface. Since ATR spectroscopy does not 
allow a reliable quantification of hydrogen bonds, these measurements cannot 
provide evidence for a complete monohydride termination of the entire Si(100) 
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surface. Hence, we addressed the question of the hydrogen coverage by separate 
STM experiments [Figure 25] conducted on an identically prepared Si(100) sub-
strate, which featured a lower off-orientation of 0.1° in order to obtain larger ter-
races. 
 
Figure 25: Empty states STM images (sample bias +1.2V) of MOVPE-prepared Si(100) be-
fore (a) and after (b) tip-induced hydrogen desorption: bright double-lobed features outshin-
ing the regular surface structure are indicative for pairs of dangling bonds. 
Figure 25(a) shows an STM image with atomic resolution, where Si-dimers and 
their orientation are easy to identify. As STM images do not provide direct infor-
mation on hydrogen coverage, we attempted to desorb hydrogen using sample 
bias voltages in excess of +3 V, as described by Shen et al. [81].  Figure 25 dis-
plays a comparison of two images of the same area recorded before (a) and after 
(b) a scan at +3.4 V.  Several bright features appeared; in particular, some bright 
double lobes are visible in Figure 25(b). These are typical of pairs of dangling 
bonds on a silicon surface, where pairs of hydrogen atoms have been desorbed 
from an otherwise monohydride-terminated surface [123]. We tentatively attribute 
the smaller, individual bright features in the image to single dangling bonds.Our 
experiment provides strong evidence for a complete saturation with hydrogen 
bonds as a consequence of the utilized preparation procedure, since no dangling 
bonds were observed at the VPE-prepared Si(100) surface before the STM desorp-
tion experiment, while they appeared as very distinct features at a few places 
thereafter. However, the actual reaction parameters leading to the monohydride 
termination still remained unclear. On the one hand, atomic hydrogen as used by 
Chabal et al. [52] in UHV occurred as an essential byproduct of SiH4 decomposi-
tion during growth of the homoepitaxial buffer layer. On the other hand, Aoyama 
et al. [47] showed the replacement of a wet-chemical deuterium termination by a 
monohydride termination during moderate hydrogen annealing 
( CTmbarp °≤≤ 800;32 ) and consequently discuss the adsorption of molecular 
hydrogen at unsaturated Si-dimers. 
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3.6.5 In situ observation of Si(100) hydrogenation in the process gas  
We performed optical in situ spectroscopy to obtain direct experimental evidence 
for the hydrogen coverage of our Si(100) samples during the VPE-preparation 
(Figure 26) using substrates with a higher off-orientation of 6° towards [011]. Ac-
cording to well-established RA signatures of Si(100) prepared in UHV 
[80,124,125], we expected clearly distinguishable spectra of clean and mono-
hydride terminated vicinal surfaces suitable for in situ monitoring. 
 
Figure 26: In situ RAS spectra of VPE-prepared Si(100), 6° off-oriented in [011]: directly 
after deoxidation at 1250 K in hydrogen, the surface clearly shows the well-known, wide 
feature of a pure substrate, while the in situ signal after cooling to 300 K in the same ambient 
confirms a monohydride termination of the surface. 
Figure 26 shows characteristic in situ RAS spectra of the Si(100) surface at crucial 
steps of the VPE process. During thermal oxide removal by annealing at 950°C in 
hydrogen, we observed the development of an intense, wide minimum between 
2.2 eV and 3.8 eV (Figure 26, thick grey line) consistent with the spectrum re-
corded after Si buffer growth. However, cooling of the sample in the process am-
bient was accompanied by a major change in signal shape towards the ambient 
temperature spectrum (Figure 26, black line) with a narrower peak structure and a 
steep rise of the signal around the E1 interband transition at about 3.4 eV. Similar 
results have been reported in the literature [80,125] after atomic hydrogen expo-
sure at room temperature in UHV-based environments: 
i. Our RAS observation at elevated annealing temperature (Figure 26, thick grey 
line) agrees very well with spectra assigned to clean vicinal Si(100) surfaces, 
in particular if slight thermal shifts of the peak position and coupling of ther-
mal radiation into the spectrometer are taken into account. 
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ii. In analogy to atomic hydrogen adsorption, cool-down of the Si(100) surface 
under H2 flow led to a final RA spectrum (Figure 26, black line) associated 
with monohydride termination directly confirmed by correlation with our ATR 
results (Figure 24). 
The RAS data shown in Figure 26 demonstrate the direct optical in situ observa-
tion of the hydrogenation during Si(100) preparation in an MOVPE reactor. At the 
annealing temperature, the hydrogen desorption rate most likely outbalances the 
process of dissociative adsorption of molecular hydrogen at the surface. There-
fore, we observed an effectively hydrogen free Si(100) surface, which potentially 
represents a characteristic equilibrium of the dynamic processes in the MOVPE 
environment – in contrast to the Si(100) surface prepared by atomic hydrogen 
adsorption at ambient temperature in UHV. Subsequently, during cooling in the 
process environment, the surfaces most probably pass a transitional temperature 
regime, where desorption is already suppressed, while adsorption still occurs – 
and the complete monohydride termination confirmed at ambient temperature is 
formed. Due to our in situ RAS observations, the transition from the clean to the 
monohydride spectrum started at about 800°C and deserves detailed analysis in 
future experiments. 
3.7 Unconventional double-layer step formation in a CVD ambient  
We investigated the preparation of double-layer steps on 0.1°, 2° and 6° misori-
ented Si(100). The samples with 0.1° misorientation were prepared by a similar 
process to that reported by Németh et al. [28] and Kunert et al. [53] They obtained 
predominantly double layer steps when the off-orientation was in [011] direction, 
but intermediate monolayer terraces appeared when the off-orientation was differ-
ent from any of the <011> directions. As they used AFM for their investigations, 
the limited resolution did not allow them to differentiate between DA and DB type 
steps. Also, they could not image the step edge with high resolution, so that they 
were unable to verify the complete absence of an intermediate terrace in the case 
of off-orientation in [011] direction. We used STM to investigate this type of sur-
face more closely [63], enabling the detection of both the terrace type as well as 
the microscopic structure at the step edge. 
3.7.1 Si(100) with slight misorientation (0.1° towards [011]) 
Figure 27 shows the step structures of a region on a 0.1° Si(100) surface similar to 
that shown in ref. [53], [28]. In Figure 27 (a), regularly spaced terraces are visible, 
separated by double-layer steps, where, as in the case of the AFM images of ref 
[28], [53], no intermediate step edges are resolved. However, the image clearly 
shows vacancy islands on the terraces, which form trenches extending roughly 
parallel to the step edges. Figure 27 (b) shows a typical area of a terrace with lar-
ger magnification, allowing analysis of step edges and vacancy islands in more 
detail. The terraces are delimited by smooth edges, and measurement of the verti-
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cal separation of the terraces confirmed a separation corresponding to two atomic 
layers, so it appears that this image provides evidence of double-layer steps.  
 
Figure 27: (a) Empty state image of the step structure of a 0.1° misoriented Si(100) surface, 
which appears to be characterized by double-layer steps of the DA type (Vsample = 780 mV, It = 
700 pA). (b) Magnified section of a double layer step, which in most parts consists of an SA 
step and an SB step, where the intermediate terrace is reduced to a narrow strip, and in some 
location is missing altogether, resulting in true DA type steps. On the terraces, single layer 
vacancy islands exist, which are elongated parallel to the terrace edges, leading to long SA 
type and short SB type vacancy edges (Vsample = 1240 mV, It = 290 pA). 
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Close inspection of the step edge, however, shows the presence of a narrow inter-
mediate terrace. The edges of the main terraces are mostly smooth, indicative of 
an A-type step, while those of the intermediate terrace are frayed, as is expected 
for a B-type step. Hence the step structure, in most locations, does not consist of a 
truly double-layer step, but a combination of an SA and an SB step, separated by a 
very narrow intermediate terrace, as indicated in one position in Figure 27 (a). In 
some stretches of the step edges in this figure, no intermediate terraces are visible, 
but the evidence of a truly DA type step is not conclusive due to the limited resolu-
tion of the image, i.e. an intermediate terrace consisting of a few dimers cannot be 
ruled out. On the terraces, again, many defects can be observed. While there are 
many smaller vacancies and a few islands in some locations, the most striking 
features on the terraces are, again, large vacancies which are elongated parallel to 
the terraces. They are delimited by single layer steps, with long step edges of the 
SA and short step edges of the SB type, in accordance with the above-mentioned 
(section  3.5.2.1) preference for the SA type steps. These microscopic measure-
ments are consistent with the AFM measurements of Yanase et al. [126] who re-
ported the observation of SA type steps, with saw teeth-like SB steps in-between, 
which were clearly visible at a sample of 0.1° misorientation where the steps 
edges slightly deviated from the <011> direction, but could not be resolved in an 
image at 0.2° misorientation where the steps were parallel to the <011> direction. 
In order to investigate the step structure in more detail, we imaged one of the ter-
race edges shown in Figure 27 (a) with atomic resolution, so that dimer rows are 
clearly visible (Figure 28). The image shows two terraces, separated in most parts 
by an intermediate ledge. On the terraces, the dimer rows are parallel to the ter-
race edge, as is expected for an A-type edge. The intermediate ledge is only a few 
dimers wide, but the exact microscopic structure of the termination of the dimer 
rows forming the ledge is not obvious from the STM image. The image of Figure 
28 confirms the observation based on Figure 27, that in most parts the step edge of 
the 0.1° surface is not truly of the double layer DA type, but consists of a combina-
tion of SA and SB steps, where the intervening terrace is reduced to an extremely 
narrow ledge. Nevertheless, the surface exhibits a strong preference for the do-
main where dimer rows run parallel to the step edges, so that subsequent III-V 
growth should result in a small minority domain, where APDs in the epilayer have 
a high probability to disappear due to APB self-annihilation over a short distance.  
In the atomic resolution image of Figure 28, a few defects are visible. Of these, 
the most pronounced features are missing dimer row vacancies, terminated by 
brighter features, most likely impurity atoms, which pin the end of the vacancy. 
This type of defect may be compared to the vacancy islands in Figure 27. In 
Figure 27 (b), narrow vacancies of similar size can also be seen. The large va-
cancy islands in Figure 27 (b) have the same orientation and could originate from 
the same process. 
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Figure 28: Atomic resolution empty state image of pseudo-DA type step on a 0.1° misoriented 
Si(100) surface. In most parts, the step consists of an SA step and an SB step, where the in-
termediate terrace is only a few dimers wide. On the terraces, vacancy islands consisting of 
missing dimer rows are visible (Vsample = 760 mV, It = 840 pA). 
Possibly, the larger vacancies are the result of the diffusion and coalescence of 
mobile smaller islands which in contrast to those visible in Figure 28 have not 
been immobilized by defects. In the left-hand terrace two small protrusions are 
visible, each seemingly surrounded by an indentation. They are probably due to 
charged impurity atoms at the surface of the sample. The indentations are not a 
topographic feature, but rather due to a reduced density of states in the vicinity of 
the impurity atoms. 
3.7.2 Si(100) with intermediate misorientation (2° towards [011]) 
FTIR investigations have shown that our surfaces are terminated by Si-H mono-
hydrides. According to literature, a tendency toward double layer steps of the DA 
type is unexpected for the hydrogenated Si(100) surface. Theoretical analysis of 
step formation energies [127], [116] find a preference for single layer steps on this 
surface, in contrast to the clean surface where double layer steps of the DB type 
are energetically favorable. Most experimental studies are in agreement with these 
theoretical results: Laracuente and Whitman [51] find a preference for single layer 
steps at the monohydride surface for misorientations up to 7°. Others mostly re-
port on preparation of smooth, single-layer stepped surfaces, resulting form an-
nealing in hydrogen at temperatures on the order of 1000°C [128], [129]. 
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Only a few studies mention direct observation of double layer steps at the Si(100) 
surface prepared in the presence of hydrogen: Kitahara and Ueda [130] report on a 
tendency for a retreat of SA like steps on 2° misoriented samples. Nemeth et al. 
[28] provided evidence of a tendency towards double layer steps at lower misori-
entation, where the type of step was not specified due to the limitation of AFM 
imaging. Their data is similar to that of Yanase et al. [126], which was also ob-
tained on a sample annealed in hydrogen atmosphere. These results are com-
pletely consistent with our measurements at the 0.1° misoriented hydrogenated 
surface: this surface consists of large terraces with dimer rows parallel to the step 
edge and very narrow terraces in-between, where the dimer rows run perpendicu-
lar to the step edge, and which in some places disappear altogether, resulting lo-
cally in true DA steps.In ref. [62] we reported on FTIR measurements on a Si(100) 
sample with 2° misorientation in [011] direction. In the polarized spectra, an im-
balance in the domain ratio was detected, where the majority domain consisted of 
dimer rows parallel to step edges (the orientation of the steps was evidenced by 
LEED measurement). The proportion of the minority domain on this sample was 
on the order of 20%, based on the relative intensity of the absorption lines due to 
the antisymmetric stretch modes of the dimers oriented parallel and perpendicular 
to the step edges, respectively. 
 
Figure 29: High resolution empty state image of step structure on a 2° misoriented Si(100) 
surface consisting largely of DA type steps. In some parts, residuals of the intermediate ter-
race, consisting of dimer rows of varying length, extend from the A-type step onto the ter-
races (Vsample = 1240 mV, It = 190 pA). 
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In contrast to previous samples, the MOVPE process used in the preparation of 
this sample contained a cooling phase from 1000°C to 500°C extending over 1h as 
a final step in the process. We repeated this procedure on several samples and ob-
tained similar results, which were in sharp contrast to those obtained by the proc-
ess used in the preparation of 2° samples reported by us in ref. [61]. The latter 
process resulted in a two-domain surface characterized in most parts by regions 
with single-layer steps, interspersed by an array of flat terraces. 
In order to confirm the highly desirable domain imbalance found by FTIR in the 
former process, we carried out STM measurements on this type of surface. The 
resulting STM image in Figure 29 shows a step structure of terraces with rather 
straight edges. The difference in height of these terraces corresponds to two 
atomic layers. Close inspection of the terraces shows dimer rows parallel to the 
step edges, about 0.4 nm wide.  In many locations at the step edges, short dimer 
rows of variable length extend perpendicular from the edge on the lower terraces. 
We obtained similar images of somewhat lower quality at several locations on the 
sample within the scanning range of our STM (2×2 µm2). The fact that the dimer 
rows on the terraces extend parallel to the step edges implies that the step struc-
ture is dominated by DA steps.While in some locations along the step edges, the 
short intermediate ledges consisting of short dimer rows exist, there are quite a 
few places where a sharp two-layer step edge prevails. This result is of great tech-
nological relevance because the almost perfect dominance of one domain is ideal 
for subsequent APD-free III-V growth. 
3.7.3 Si(100) with high misorientation (6° towards [011]) 
Based on the above results for 2° misorientation we attempted to transfer the same 
preparation procedure to 6° misoriented Si(100) samples, again using STM to 
study the resulting surface structure. Figure 30 shows an atomic resolution image 
of this surface. It displays a rich step structure containing all of the major step 
types which occur on Si(100). Continuous type A steps run from top to bottom of 
the image and, but, on most parts of the resulting terraces, dimer rows extend from 
the type A step edge, perpendicular to the edge, onto the terraces. Here, the step 
edge is of the SA type. The perpendicular dimer rows, in some cases, terminate at 
some position near the center of the terrace, resulting in SB steps. In a few places 
the dimer rows reach the edge of the terrace underneath, so that a DB step is ob-
tained. DA steps occur where the perpendicular dimer rows are missing altogether. 
The image is too small to provide a reliable estimate of the domain ratio, but it is 
clear that a strong dominance of one domain can be ruled out. The preparation of 
double layer steps of the DA type contrasts with previous theoretical [127], [116] 
and experimental [51], [128] work on the hydrogenated Si(100) surface. On the 
clean Si(100) surface, double layer steps of both types can be prepared by elec-
tromigration. However, this technique is not applicable to the hydrogenated sur-
face.  
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Figure 30: Atomic resolution empty state image of 6° misoriented Si(100) surface. The step 
structure consists of a mixture of SA, SB, DA and DB type steps, with no clear preference for 
one of the step types. (Vsample = 1240 mV, It = 190 pA). 
DA steps have been prepared in UHV on clean Si(100) by Bedrossian and Klitsner 
[131] as well as Swartzentruber et al. [39] using low-energy Xe ion bombardment. 
The method is based on the preferential removal of the surface atoms from the SB 
type step due to the generation of vacancies on the terraces which easily diffuse 
towards and annihilate at the SB step. This is based on evidence that vacancy is-
lands diffuse much more rapidly in the direction of the dimer rows than in the 
perpendicular direction. We propose that in our case the mechanism for formation 
of DA steps is also based on the removal of material. In the temperature range be-
tween 1000°C and 700°C, the surface is not passivated by the hydrogen atmos-
phere and the surface silicon atoms are still mobile. If in fact silicon is removed 
from the surface, the resulting surface structure depends on the relation between 
vacancy generation and diffusion. These two processes both slow down with de-
creasing temperature, but their relative rates may change, so that their action on 
the resulting surface will depend on the rate of cooling, since it determines the 
onset of hydrogen passivation. If diffusion parallel to the dimer rows is much 
faster than vacancy generation, annihilation at the SB step edge will dominate and 
the associated terrace will be removed very effectively. We conjecture that this is 
the case in the temperature regime close to the onset of hydrogen passivation in 
the case of the 2° sample. 
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4 GaP(100) and InP(100) surfaces 
4.1 State-of-the-art: Reconstructions of MOVPE-prepared surfaces 
Both GaP and InP have been important materials in electronic or optoelectronic 
applications for several decades [132], [133], [134]. Recently, the GaP(100) sur-
face has gained renewed attention as part of an almost lattice matched III-V com-
pound on a silicon substrate [30], [53], while InP(100) has been employed as a 
substrate material for a low-band gap tandem solar cell [135]. In MOVPE envi-
ronment, the well-known GaP(100) surface reconstructions [19] include a mixed 
(Ga-P) dimer surface for Ga-rich conditions, and a P-rich surface which has often 
been referred to as (2×1)/(2×2) surface. The InP(100) surface reconstructs in the 
same manner as evidenced by several theoretical [136] and experimental [22] 
studies. P-rich surfaces can only be obtained in the presence of hydrogen (avail-
able as a carrier gas in the MOVPE environment or as a precursor byproduct) 
[19], [22], [20], [137]. In the low energy electron diffraction (LEED) image these 
surfaces result in a (2×1) pattern with streaks at half order in the ×1 direction.  
According to Schmidt et al. [136] and Hahn et al., [21] this is due to a hydrogen-
adsorbate structure, where the surface is terminated by buckled phosphorus 
dimers, each stabilized by a hydrogen atom which saturates one of the dangling 
bonds in the dimer [136], [22], [21]. 
 
Figure 31: Top view and side view of hydrogen stabilized GaP(100) and InP(100) surface 
structure after Hahn et al. [21] and Schmidt et al. [136]. The unit cells are indicated in the 
top view. 
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The resulting structure is shown in Figure 31: In a (2×2) cell, there are two phos-
phorus dimers in the top layer, which are oppositely buckled, with one hydrogen 
atom bonded to the ‘down’ atom of the P dimer. This leads to rows of buckled 
phosphorus dimers, where adjacent rows can be arranged in phase or out of phase. 
The in-phase arrangement results in a p(2×2) unit cell, while the out-of-phase ar-
rangement corresponds to a c(4×2) unit cell, so a more accurate denotation of this 
surface reconstruction is p(2×2)/c(4×2), which we will adhere to in the following. 
A mixture of these surface reconstructions results in the above-mentioned LEED 
image. Schmidt et al. [136] have also calculated the corresponding STM image for 
InP(100), which has been experimentally observed by Vogt et al. [22]. Hahn et al. 
[21] provided calculations of the expected STM image of the p(2×2) structure of 
GaP(100), confirmed by the experiments of Töben et al. [19] and Kadotani et al. 
[20]. When imaging the filled states, a zigzag pattern is obtained, where the bright 
spots are due to the electron lone pair at the ‘up’ atom of the dimers. 
Two very characteristic peaks in RA spectra of both the Ga-rich and the P-rich 
surface reconstructions of GaP(100) can be observed: 
i. A pronounced negative peak below the energetic position of the interband 
transition E0 [19]. This peak is only induced by electronic transitions of the 
surface Brillouin zone and appears at approximately the same energetic posi-
tion for the Ga-rich and the P-rich surface reconstruction. The energetic shift 
between the respective peak position is just about 200meV (see results, Figure 
35). However, the shape of these low energy peaks is different for the two dif-
ferent surface reconstructions (see below). 
ii. At the energetic position of the E1 interband transition another, also pro-
nounced, but positive peak arises for the P-rich surface reconstruction. It turns 
into a minimum, when the surface is changed towards the Ga-rich reconstruc-
tion which has been modeled and theoretically described by the (2x4) mixed 
dimer model [138]. 
Both peak shapes are quite sensitive to the sample temperature during measure-
ment. When lowering the temperature, the peak intensity increases and the peaks 
sharpen significantly due to the reduced lattice vibrations and electron-phonon 
interactions [139]. Simultaneously, a blue shift of the energetic peak position oc-
curs. The temperature-dependent energy shift of the peaks can be fitted with a 
model containing the Bose-Einstein occupation factor for phonons, as was shown 
for InP(100) [139], a surface which behaves very similar compared to GaP(100) 
[137,140]. 
The principle origin of RAS signals is the optical anisotropy of the sample de-
pending on a variety of different physical properties: For a single-crystalline mate-
rial with cubic symmetry like GaP, only the surface is supposed to provide anisot-
ropic features [16], if unintentional changes of the bulk symmetry such as local 
electric fields due to strain, doping [141] etc. can be neglected. Typically, the type 
 63
of surface reconstruction determines the characteristic features of the correspond-
ing RA spectra, but atomic order and sample temperature are decisive for the posi-
tion and intensity of the observed peaks [142]. Beyond that, major signal contribu-
tions may arise from bulk-related anisotropies (such as ordering [143]) or from 
mesoscopic 3D-structures on the surface such as facets, steps, terraces or islands 
[144,145]. 
The complexity of the different contributions to the RAS signal increases further 
when considering heteroepitaxy. On the one hand, strain and lattice changes such 
as ordering and defects may introduce bulk anisotropy in parts of such multilayer 
structures. On the other hand, optically accessible interior interfaces induce inter-
nal reflections, which interfere with the RAS measurement (Fabry-Perot oscilla-
tions) and which potentially contribute specifically to the RAS signal (interface 
anisotropy etc.) [30]. These contributions usually contain important characteristic 
information (such as layer thickness [15] and interface anisotropy [142]), but they 
superimpose during measurement. Various origins of the RAS signal have already 
been modeled by empirical [144] and semi-empirical [146] methods, some even 
by ab initio computational techniques [147], but still experimental RA spectra 
cannot reliably be predicted by theoretical calculations.  
 
Figure 32: Comparison of theoretical RA spectra for III-rich [148] and P-rich [21,136] sur-
faces of InP(100) and GaP(100) to experimental data obtained at 20K [14]. 
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The idea to identify specific surface reconstructions with the corresponding RA 
spectra [149] generated high interest in optical in situ characterization. In the pre-
sent case, therefore, the question arises, how well the theoretical RA spectrum has 
to fit the actual experimental spectrum for unambiguous identification of a surface 
reconstruction with a specific atomic model, e.g., the mixed dimer model of the 
Ga-rich GaP(100) surface.  
Figure 32 shows a comparison of the experimental and the theoretical RA spectra 
which are currently available [19,21,137,147,150,151,152,153]. Although the cal-
culation agree fairly well with the experimental data, a direct identification of sur-
faces is not possible via this route. In consequence, changing RAS features in a 
certain experiment might indicate a transition of the surface reconstruction, but 
can also be caused by variations in the order of the surface or just by a change of 
the sample temperature. Hence, the quantitative evaluation requires the precise 
knowledge and careful consideration of all contributions to the signal in order to 
exclude misinterpretations. 
A quantitative interpretation of in situ RA spectra was already previously applied 
to determine intermediate states between the well-know P-rich (2x2)/c(4x2) and 
the III-rich (2x4) reconstructions of the differently reconstructed (100) surfaces of 
GaP and InP [152,154]. This approach was based on the assumption of partial 
surface area transitions due to changes in the reconstruction and will be discussed 
below. Another example for the quantitative evaluation of RA spectra is the de-
sired in situ determination of anti-phase disorder in polar on non-polar epitaxy of 
semiconductor materials. The deposition of GaP on Si(100) is considered as an 
adequate model system since pseudomorphic layers of relevant thicknesses (up to 
40 nm) can be grown without relaxation [28,30,53]. Such samples allow the in-
vestigation of the principal impact of such heterointerfaces on the quality of the 
bulk material without any influence of lattice relaxation. Here, the formation of 
so-called anti-phase domains (APD) is a key challenge [53], since their internal 
boundaries (APB) contain structural defects in large quantities. 
In principle, RAS provides a potential for the in situ characterization of III-
V/Si(100) anti-phase disorder [30]. However, the quantitative evaluation of RA 
spectra requires detailed knowledge about the individual influences on the in situ 
RAS signatures of epitaxial compound semiconductor surfaces and the associated 
surface reconstruction mechanisms. The present study reports on the reproducible 
preparation of the atomically well-ordered, hydrogen terminated P-rich 
(2x2)/c(4x2) surface reconstructions of MOVPE prepared GaP(100) and InP(100). 
The impact of changes of the sample temperature as well as the reconstruction and 
the atomic order of the surfaces on the RAS signal were considered separately 
[43]. Although GaP(100) and InP(100) surfaces behave very similar, in particular 
during MOVPE preparation using hydrogen as the standard process gas, we found 
and characterized an additional surface reconstruction regime for nitrogen prepa-
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ration of GaP(100), which does not exist for InP(100) [155]. For reference, the 
atomic structure of the P-rich reconstructed GaP(100) was characterized by STM. 
The images resolved rows of alternating buckled H-stabilized P-dimers arranged 
either in phase or out of phase, which refer to (2x2) and c(4x2) domains of the 
surface reconstruction, respectively. The investigations revealed a flipping mecha-
nism [156], which switches the orientation of individual dimers, may transform 
the reconstruction domains into each other, and could also be found on P-rich pre-
pared InP(100).  
4.2 In situ control of GaP(100) surfaces during MOVPE preparation 
In previous studies extensive surface sensitive characterization experiments via 
STM, LEED, and photoemission have been performed in our group, which were 
directly correlated to the RA spectra taken on the same GaP(100) samples 
[13,19,137,150]. Thereby, in situ RAS allowed the identification of the basic 
GaP(100) surface reconstructions already during MOVPE preparation. Standard 
preparation conditions, which included hydrogen carrier gas and surface stabiliza-
tion by TBP supply at elevated temperatures, led to the well known P-rich 
(2x2)/c(4x2) surface reconstruction [21]. If TBP supply was omitted during an-
nealing, a transition to the also well known (2x4) reconstructed Ga-rich configura-
tion of the surface occurred [19,150]. However, the detailed shape of the RA spec-
tra and the observed RAS intensity strongly depended on the preparation 
procedure before and the sample environment during the measurement, respec-
tively. In the experiment associated with Figure 33, a freshly prepared homoepi-
taxial GaP(100) surface was cooled down to 300°C under TBP supply and after-
wards the temperature was ramped up very slowly to 700°C, while the P 
stabilization remained switched off and RA spectra were measured continuously. 
Here, basically all the relevant changes in the RA spectra were observed simulta-
neously. 
The color-coded results of the described experiment in Figure 33(a) clearly show 
the almost abrupt transition between the P- rich and Ga-rich reconstruction as 
soon as the temperature exceeded a critical value of about 490°C (marked A) due 
to the preferential evaporation temperature of phosphorus from GaP [157]. The 
very slow increase of the temperature during the experiment led to quasi-
equilibrium conditions, while each single spectrum was recorded. Selected spectra 
represent the P-rich and the Ga-rich surface configurations as well as an interme-
diate state in between (Figure 33(b)). Their principal features agree very well with 
those observed in earlier studies [19,137]. The color-coded plot of Figure 33 also 
reveals continuous spectral changes due to a change of the sample temperature 
during the measurement: On the one hand, there is a red shift of spectral features 
with increasing temperature (marked B) according to the well-known shift of the 
bulk critical point transitions, and simultaneously a broadening of the peaks due to 
increasing lattice vibrations and electron-phonon interactions, as was already ob-
served and described for InP(100) [139].  
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Figure 33: (a) Color-coded representation of a continuous in situ RAS measurement (color-
plot) at a GaP(100) surface while the sample temperature was ramped up from 300 to 700°C 
at a rate of 1.5 K/min without TBP supply. Between 300°C and 490°C, spectra associated 
with a P-rich surface reconstruction were observed, while beyond 500°C, a Ga-rich recon-
struction appeared. In a narrow range around 490°C - 500°C, RA spectra of an intermediate 
surface reconstruction were taken. Letters mark regions where the development of the RA 
signal is predominantly caused by changes of the surface reconstruction (A), of the meas-
urement temperature (B) and of the atomic order of the surface (C), respectively. (b) RA 
spectra representing two well-defined surface reconstructions, the P-rich (2x2)/c(4x2) at 
around 400°C (upper curve) and the Ga-rich (2x4) at around 600°C (lower curve), were ex-
tracted, and also the RA spectrum of the intermediate surface (middle) at ca. 490°C. Dashed 
vertical lines at the peak positions refer to the respective features in the colorplot. 
On the other hand, in the temperature range from 300° to about 370°C, there is a 
significant increase of the peak intensity (marked C) due to the desorption of ex-
cess phosphorus from the surface in analogy to previous findings drawn already 
from studies on InP [119,158]. 
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4.2.1 Transition from the P-rich to the Ga-rich surface reconstruction 
The results of Figure 33 revealed three independent parameters that changed the 
RAS signal of GaP(100) and superimposed during measurement: surface recon-
struction, temperature and desorption of disordered excess phosphorus. Since we 
intended to apply the RA spectra for quantitative evaluations, we designed spe-
cific experiments to separate the impact of these parameter changes and to esti-
mate their potential contribution on intensity and shape of the RA spectra. Usually 
phosphides are prepared with a high V/III ratio, i.e. with a high phosphorus partial 
pressure in comparison to the partial pressure of the III-valent component. 
 
Figure 34: (a) In situ RAS colorplot of a GaP(100) surface at the constant temperature of 525 
°C after switch-off of the TBP supply. The measurement focused on the range of the low 
energy RAS peak at high resolution. The successive transformation from the P-rich to the 
Ga-rich surface reconstruction is accompanied with specific changes in the peak structure 
marked by the letters A, B and C. (b) RA spectra extracted from the colorplot at different 
times. Dashed vertical lines refer to the features observed in the colorplot correlate. 
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In contrast to the P-rich surface preparation, the parameter window for growing a 
III-rich surface termination, i.e. at a low V/III ratio, is very small. Hence, here we 
focused our studies on the P-rich GaP(100) surface reconstruction, which repre-
sents the standard surface for preparation in the MOVPE environment. Despite the 
critical preferential desorption temperature of about 490°C [157] according to 
Figure 33, sufficient supply with the P precursor TBP allowed to maintain the P-
rich reconstruction even above 490°C due to the equilibrium of desorption and 
adsorption of P at the surface. After the TBP supply was stopped in Figure 34 
(t=0s), the transformation from the P-rich to the Ga-rich surface reconstruction 
occurred at a fixed temperature of 525 °C. At that constant temperature, i.e. in 
absence of thermal effects on the RA spectra, we followed the transformation be-
tween the surface reconstructions with high resolution of the spectral region 
around the low energy peak at about 2.4 eV (Figure 34) which is specifically sur-
face sensitive, as it is only related to electronic transitions from the surface Bril-
louin zone [147]. Besides the two distinct spectra of the P-rich and the Ga-rich 
surface, there is also an intermediate range with a different RA spectrum between 
ca. 500 to 600s. 
The color-coded representation of the data in Figure 34(a) confirms the specific 
character of the intermediate RAS signal. Obviously, the intensity connected to 
the P-rich surface regime vanished noticeably before the new peak of the Ga-rich 
termination started to appear. The associated in situ RA spectra (Figure 34(b)) 
reflect the scenario described above in detail: A rather sharp peak at about 2.3 eV 
(red spectrum) represents the atomically ordered P-rich surface reconstruction 
without excess phosphorus (marked A). Afterwards, the topmost P layer desorbed 
successively. The ‘intermediate’ RA spectrum (spectrum at 500 s) during this tran-
sition already reflected the shape of the RA spectrum of the Ga-rich surface recon-
struction that appeared in the further course. Notably, the spectrum of the Ga-rich 
state peaked at the slightly lower photon energy of about 2.2 eV (marked B) com-
pared to the P-rich one. Its broader peak structure also contained considerable 
signal intensity at e.g. 2.0 eV (marked C), where the signal of the P-rich state 
(spectrum at 0 s) was almost absent. 
4.2.2 Thermal development of RA spectra of GaP(100) 
Our experiments regarding the transition of the surface reconstruction from P-rich 
to the Ga-rich GaP(100) led to first conclusions for the quantitative RAS evalua-
tion. With respect to post growth analysis, the P-rich state had to be sustained by 
adequate stabilization employing TBP when exceeding the critical temperature for 
preferential P desorption of about 490°C [157] to prevent the loss of phosphorus. 
These results already show that the temperature dependence and the general im-
pact of temperature induce changes in the RAS signal of P-rich GaP(100) and had 
to be studied and discussed in detail: In Figure 33, we already derived three inter-
related general trends of the RAS peak development upon the increase of tempera-
ture: a red shift of the peak position, a broadening of the peaks and a decrease of 
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peak intensities. Figure 35 shows the data of the P-rich surface reconstruction 
cooled down from the preparation regime over ambient conditions to the cryo-
genic temperature of -250 °C (left side) as well as of the P-rich, the Ga-rich and 
the intermediate surface states at -250 °C in direct comparison (right side). The 
RAS peak in the low energy range of the spectrum was particularly well suited to 
investigate the temperature influences at well-defined surface reconstructions, as 
it is specifically surface sensitive. 
 
Figure 35: Low energy RAS peak of (a) the atomically ordered, P-rich, (2x2)/c(4x2) GaP(100) 
surface reconstruction at different temperatures and (b) of the P-rich and of the Ga-rich 
reconstructions as well as of the intermediate GaP(100) surface, all measured at the cryo-
genic temperature of -250 °C for higher spectral resolution. 
The evolution of the RA spectra in Figure 35(a) upon cooling permitted several 
insights: The described general trends (sharpening of the spectrum and increase of 
the intensity) persisted over the entire temperature range under investigation. An 
impressive sharpening and increase of the low energy RAS peak occurred in 
Figure 35(a), corresponding to the energetic shift of bulk critical point transitions 
[159] and reduced lattice vibrations [160]. Analogous effects were already re-
ported for the similar InP(100) surface [139]. The significantly reduced broaden-
ing revealed the peak structures in far more detail. While the broadened RA spec-
tra at higher temperatures could tempt one to attribute these peaks to the identical 
origin, the comparison between the different RA spectra and peak positions of the 
two distinct surface reconstructions of GaP(100) at -250 °C (Figure 35(b)) proved 
the different nature of the peaks. On the one hand, Figure 35(b) clearly showed 
the complete disappearance of the low energy peak at around 2.5eV in the inter-
mediate preparation range, i.e. preparation conditions right between those for the 
P-rich and the Ga-rich termination. On the other hand, the P-rich case featured a 
significantly stronger sharpening of the RAS peak than the Ga-rich surface. Both 
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reconstructions still showed comparable experimental RAS peak intensities in the 
low temperature spectra, but different peak areas and slightly different energetic 
positions. Hence, we found a systematic temperature dependence of GaP(100) 
RAS peaks concerning position, width and intensity in qualitative terms, but the 
behavior remained less predictable in quantitative terms. Even sophisticated theo-
retical first-principle total-energy calculations with self-energy corrections of 
Hahn et al. [21] reproduced the detailed features of the experimental low tempera-
ture RA spectra, in particular regarding the low energy peak, only fairly well. 
The impact of these considerations on our subsequent quantitative RAS analysis 
was diverse: The shape of our RA spectra shows quite clearly that the RA spectra 
displayed in Refs. [152,154] contain strong interference artifacts, in particular in 
the range of the low energy peaks. Figure 35 also shows that it is ambiguous to 
superpose high temperature RA spectra of different surface reconstructions for the 
development of an atomic model [152] or for the evaluation of an unknown com-
position of surface reconstructions [154]. 
4.2.3 Excess phosphorus accumulation on the P-rich surface  
The P-terminated GaP(100) surface prepared via MOVPE with TBP supply right 
before or even during RAS measurements (Figure 34) can result either in an 
atomically ordered P-rich surface or in a GaP(100) surface with excess phospho-
rus or even incompletely decomposed TBP on top. In our experiments the supply 
with TBP was essential to obtain and to sustain the P-rich surface reconstruction, 
in particular at elevated temperature (T > 490°C). These two different surface 
terminations, i.e. the atomically ordered (2x2)/c(4x2) P-rich GaP(100) surface 
reconstruction described by Hahn et al. [21] and the surface with excess phospho-
rus on top, have already been studied for InP(100) [158] and display also for 
GaP(100) significantly different RA spectra as Figure 36 shows. The induced 
equilibrium state between dissociation of TBP as well as adsorption and desorp-
tion of P can include certain quantities of excess P atoms [19,22] or even TBP 
fragments that mainly reduced the observed signal intensity.  
At lower temperature (T < ca. 370°C), excess phosphorus on the surface was quite 
stable even without TBP supply. It desorbed gradually with rising temperature 
and/or the progress of time leading to a change of the RAS signal as observed in 
the experiment shown in Figure 36.Here, in detail, an excess P layer was gener-
ated on a P-rich reconstructed GaP(100) surface by cooling the sample down to 
275 °C under TBP supply. Immediately before it was switched off, an RA spec-
trum was taken (Figure 36, curve with lowest intensity). After stopping the TBP 
supply the RAS signal changed successively (Figure 36, curves with increasing 
intensities) and reflected the expected phosphorus desorption with the progress of 
time by an increase of the intensity only (at the high energy peak around 3.5eV) or 
by an additional shift of the energetic position (low energy peak). 
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Figure 36: RAS spectra of a GaP(100) sample, all taken at 275 °C, when successively prepar-
ing the atomically ordered (2x2)/c(4x2) surface reconstruction. The first spectrum was taken 
with TBP supply (lowest intensity), followed by two successive spectra just without TBP sup-
ply (increasing intensities). Then, the sample was annealed for short times at successively 
increasing temperatures and cooled down to 275 °C for the measurement of the individual 
RA spectra (Ta>300°C) until reaching the final RA spectrum of the P-rich surface (highest 
intensity).  
Short annealing cycles with gradually increased temperatures accelerated the ex-
cess phosphorus desorption significantly. To ensure directly comparable RA spec-
tra, cooling down to 275 °C followed each annealing cycle. Via this procedure we 
separated the impact of the excess phosphorus on top of the surface on the RA 
spectra precisely from thermal effects. The increase of the signal intensity within 
this procedure stopped at around 365 °C (curve with highest intensity), where a 
spectrum almost identical to the subsequent cycle (385 °C) was measured. This 
indicated the complete desorption of the excess P from the surface associated with 
the atomically ordered, (2x2)/c(4x2) P-rich GaP(100) surface reconstruction. 
The in situ RAS investigation of excess phosphorus desorption (Figure 36) 
stressed the different characteristics of the two major peaks. While the structure 
around the maximum at about 3.5 eV just scaled up at a constant energetic peak 
position with successive P desorption, the minimum at around 2.5 eV behaved 
differently. Here, the intensity increase accompanied a red shift of the low energy 
peak position. It gradually moved about 300 meV from 2.6eV back to 2.3eV, 
which represents the atomically ordered P-rich GaP(100) after desorption of ex-
cess phosphorus at that temperature. Hence, in Figure 36 the excess phosphorus 
on the surface only reduced the intensity of the high energy peak in the range of 
the E1 bulk critical point transition [137], but actually changed the energetic posi-
tion of the low energy peak which is induced by transitions between specific sur-
face states [139]. These obviously interacted with the excess P as the different 
 72
behavior of the minimum implied, which already contributed to previous experi-
ments as well (Figure 33 and Figure 34): A red shift that was stronger than just the 
thermal shift was already visible in the color-coded GaP(100) surface evolution 
plot in the temperature range, where excess phosphorus desorbed (Figure 33, T < 
ca. 370°C). Also in Figure 34 (T = 525 °C) at around t = 0 s a small, but immedi-
ate red shift of about 40 meV occurred after the TBP supply stopped and the ex-
cess phosphorus thus vanished from the surface. 
The potential of excess phosphorus accumulation on P-rich GaP(100) surfaces 
implied restrictions, which have to be considered, when employing in situ RAS 
for the quantitative analysis. In these experiments (Figure 33, Figure 34, Figure 
36), we determined a suitable and large parameter window for the preparation of 
the atomically ordered P-rich GaP(100) surface regarding the relevant tempera-
tures: The excess phosphorus upon P-rich surfaces was only stable at T < 370° C 
(Figure 36), while the atomically ordered P-rich reconstruction itself persisted 
without P supply until 490° C (Figure 33, Figure 34). Within these temperatures, 
the preparation of the ordered P-rich surface reconstruction just required the inter-
ruption of TBP stabilization and an adequate annealing period. Regarding the 
similar scenario for the closely related surfaces of InP(100), the parameter win-
dow for the preparation of the ordered P-rich surface is different and much 
smaller, since the preferential desorption temperature of phosphorus from the bulk 
is for InP much lower than for GaP (370°C versus 490°C) [157,161]. Conse-
quently, the narrow preparation window necessitated a sophisticated procedure to 
achieve the ordered P-rich InP(100) surface reconstruction [119,158]. 
Once achieved, the P-rich GaP(100) reconstruction did not change at all, when 
cooling down towards low temperatures (Figure 35). The RAS investigations of 
Figure 34 (below 0 s) indicated that GaP(100) under TBP stabilization at higher 
temperatures forms an only slightly modified P-rich surface structure with few 
excess phosphorus on top [22] (Figure 34). In consequence, the P-rich reconstruc-
tion of a homoepitaxial GaP(100) surface defined a suitable reference for quantita-
tive RAS analysis [30]: It featured a well-defined atomic structure as well as an 
intense and well-established RA spectrum. We described a simple procedure for 
the reproducible preparation of the atomically ordered P-rich GaP(100) surface 
and presented methods to measure reliable reference RA spectra at different tem-
peratures, explicitly including the established MOVPE regimes for GaP growth. 
4.3 GaP(100) and InP(100) preparation in an alternative process ambient 
Nitrogen is an established alternative carrier gas for MOVPE processing 
[99,100,101,102]. Since we observed Si3N4 formation during Si(100) preparation 
(section  3.3.5), N2 process gas cannot be considered as an overall inert alternative. 
However, standard MOVPE processing involves significantly lower temperatures, 
for which molecular nitrogen is certainly expected to be non-reactive. In the fol-
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lowing, we use surface sensitive in situ optical spectroscopy for a comparison of 
GaP(100) and InP(100) preparation by N2-based  MOVPE processes to the estab-
lished results obtained using H2 standard process gas.  
 
Figure 37: Comparison of the MOVPE-preparation of GaP(100) surfaces in nitrogen (a, b) 
and hydrogen (c, d) by means of color-coded in situ RAS results (a, c) measured while the 
sample temperature was ramped up slowly (at a rate of 1.5 K/min) from 300°C to 700°C 
without TBP supply.  
Figure 37 depicts a comparison of in situ RAS colorplots measured during com-
prehensive GaP(100) surface preparation experiments using either N2 (a) or H2 (b) 
as MOVPE carrier gas. In both cases, freshly prepared homoepitaxial GaP(100) 
surfaces from a standard MOVPE process were cooled down to 300°C under TBP 
supply. Subsequently, the temperature was ramped up very slowly to 700°C under 
flow of the respective carrier gas, while the P stabilization remained switched off 
and RA spectra were measured continuously. The very slow increase of the tem-
perature during the experiment led to quasi-equilibrium conditions, while each 
single spectrum was recorded. The color-coded representation of the measured 
RAS data in Figure 37 characterizes all GaP(100) surface structures that can be 
prepared in the given environments. Since the H2 data have already been de-
scribed in detail in section  4.2, our description focuses the results obtained under 
N2 flow, and, in particular, the differences in the observation. 
Major parts of the in situ RAS colorplots in Figure 37 appear very similar. Actu-
ally, the shape of the selected spectra (b vs. d) identifies the characteristic P-rich 
(red) and Ga-rich (blue) surface reconstructions of GaP(100) at lower (450°C) and 
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higher (675°C) process temperatures, respectively. In contrast to the situation in 
the standard process ambient (using hydrogen), where a direct transition from the 
P-rich to the Ga-rich state of the surface occurs (c), a wide intermediate region 
with a different RAS signature was detected when using nitrogen as alternative 
carrier gas (a). The dashed horizontal lines in Figure 37(a, c) indicate tempera-
tures at which characteristic changes of the RAS signal occurred. Similar to 
GaP(100) in H2, the P-rich surface reconstruction remained stable up to a tempera-
ture of about 490°C under N2 flow, where the reconstruction eventually changes. 
Instead of the almost abrupt transition to the characteristic RAS signal of the Ga-
rich mixed-dimer termination associated to the use of hydrogen (c), during nitro-
gen preparation (a), the RAS signal seems to disappear for a more than 100 K 
wide temperature regime, until the Ga-rich features finally start to develop at 
about 620°C.  
Significant changes in the RAS signature of a compound semiconductor surface 
usually indicate a transition of the surface reconstruction, which typically accom-
panied with a change of the surface stoichiometry, too. During thermal annealing 
without TBP supply, disproportionate loss of phosphorus due to its preferential 
evaporation from the surface [157] appears most likely. Hence, the intermediate 
RAS signature observed under N2 flow probably represents another surface recon-
struction of GaP(100) with an intermediate P concentration. Further P losses fi-
nally transfer the surface to the Ga-rich state. Since the transition from P-rich to 
Ga-rich is rather abrupt in the standard process environment, the question arises if 
the presence of hydrogen enhances the removal of phosphorus in a way that the 
intermediate surface state can not be formed. 
To derive more detailed information from the GaP(100) surface preparation ex-
periment in nitrogen shown in Figure 37, we conducted a detailed assessment of 
the associated spectroscopic data depicted in Figure 38 and in Figure 39 in combi-
nation with relevant LEED pattern obtained by contamination free transfer to 
UHV for benchmarking the in situ RAS spectra [155]. In the range of 460°C to 
495°C, we observed the continuous decay of the P-rich surface reconstruction 
identified with the characteristic RA spectrum and a (2x1)-like LEED pattern 
(Figure 38, red). At 495°C, the first RAS peak disappeared completely, while the 
second peak and the relative minimum at about 4 eV became less pronounced 
(Figure 38, turquoise). This state of the GaP(100) is associated with a diffuse dif-
fraction pattern with only weak (1x1) reflexes. During further annealing at con-
tinuously increasing temperature (Figure 39, green), the first RAS peak remains 
absent until about 600°C while the intensity of the second peak structure stabilizes 
at a slightly increased level compared to the value observed at about 490°C. Ac-
cordingly, we observed some slightly yellow phase at about 3.3 eV in the color-
plot of Figure 37, which already was associated with a (2x4) LEED pattern 
(Figure 39, green). 
 75
 
Figure 38: Detailed development of GaP(100) in situ RA spectra during continuous annealing 
in nitrogen showing the decay of features associated with the initially P-rich surface between 
460°C and 495°C in steps of 7K. The insets show LEED patterns of the well-known (2x1)-like 
surface reconstruction (red, at 83 eV) and of diffuse (1x1) diffraction associated with the 
intermediate state of the surface (turquoise, at 53 eV).  
 
Figure 39: Detailed development of GaP(100) in situ RA spectra during continuous annealing 
in nitrogen showing the successive formation of features associated with the Ga-rich surface 
between 520°C and 700°C in steps of 20K. The insets both show LEED patterns with (2x4) 
symmetry, one measured after annealing in N2 at 520°C (green, 90 eV), the other after stan-
dard preparation of the Ga-rich surface reconstruction (blue, 83 eV).  
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Above 600°C the characteristic RAS features of the Ga-rich surface reconstruc-
tion GaP(100) started to develop (Figure 39, blue), which are attributed (2x4) dif-
fraction pattern, too. Since LEED just indicates the symmetry of the surface re-
construction, different atomic configurations potentially feature identical patterns, 
as we suppose for N2 prepared GaP(100) according to the undisputable difference 
in the shape and intensity of the RA spectra. 
In general, the development of GaP(100) and InP(100) is very similar, in particu-
lar during standard MOVPE preparation, and virtually identical in a qualitative 
sense. The atomic models of the established P-rich (2x2)/c(4x2) and III-rich (2x4) 
mixed dimer surface reconstructions (Figure 41(c)) are replaceable, and abrupt, 
direct transitions between both terminations are observed during annealing in hy-
drogen. Hence, we also conducted InP(100) surface preparation experiments in 
nitrogen (Figure 40) to check for the existence of an additional intermediate sur-
face reconstruction regime in analogy to the GaP(100) results. 
 
Figure 40: Comparison of the MOVPE-preparation of InP(100) surfaces in nitrogen (a, b) 
and hydrogen (c, d) by means of color-coded in situ RAS results (a, c) measured while the 
sample temperature was ramped up slowly from 300°C to 480°C without TBP supply.  
Figure 40 depicts a comparison of in situ RAS colorplots measured during com-
prehensive InP(100) surface preparation experiments using either N2 (a) or H2 (b) 
as MOVPE carrier gas. In analogy to the GaP(100) experiments shown in Figure 
37, continuous RAS measurement monitored the development of freshly prepared 
InP(100) surfaces, while the temperature was ramped up very slowly from 300°C 
to 480°C without TBP supply under flow of the respective carrier gases. In con-
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trast to the results obtained with GaP(100) (Figure 37), both InP(100) colorplots 
depicted in Figure 40 (a vs. c) show a similar, direct transition from the initial V-
rich to the final III-rich surface reconstruction independent of using alternative (a) 
or standard (c) carrier gas. In detail, some differences in the transition region 
(around 375°C) can be recognized. Selected spectra (b vs. d) identify the charac-
teristic RAS features associated with P-rich (red) and In-rich (blue) InP(100) at 
lower (350°C) and higher (400°C) process temperatures, respectively. Only in N2, 
the intermediate spectrum (dashed grey) confirms a saddle point of the intensity of 
the first peak. 
 
Figure 41: Comparison between the calculated phase diagram of the hydrogen exposed 
GaP(100) (a) and InP(100) surfaces after Ref. [21] and Ref. [136], where broken lines indi-
cate thermodynamic limitations of the group III chemical potentials and Δµ(H) is given with 
respect to molecular hydrogen. Colored areas identify surface reconstructions relevant for 
this study: the P-rich configuration typical for MOVPE preparation (red), the III-rich 
mixed-dimer surfaces achievable by annealing without TBP supply (blue), and (2x4) recon-
structions with intermediated phosphorus content (green). (c) Top view of the relevant (100) 
surface reconstruction models ordered with decreasing phosphorus content starting from the 
hydrogen-stabilized P-rich (2×2)-2D-2H (left), over the intermediate β2(2×4) and α2(2×4) to 
the finally group-III-rich (2×4) mixed-dimer surface (right). According to Refs. [136] and 
[162], filled (empty) circles represent phosphorus (group-III) atoms and the atomic positions 
in the uppermost two layers are identified by larger symbols.  
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Nevertheless, the comparison of GaP(100) and InP(100) surface preparation in 
nitrogen revealed significant qualitative differences in the observed surface trans-
formation processes, which can be explained according to the theoretical deter-
mined surface phase diagrams of the hydrogen exposed GaP(100) [21] and 
InP(100) [136] depicted in Figure 41 (a) and (b), respectively. Both diagrams 
identify the theoretical stability of the different reconstructions in dependence of 
chemical potentials of group III Δµ(Ga/In) and hydrogen Δµ(H) atoms on the sur-
faces. The established P-rich and Ga-rich reconstructions common for standard 
MOVPE preparation under H2 flow are marked red and green, respectively, while 
green color identifies different phases with (2x4) symmetry and higher phospho-
rus content compared to the Ga-rich mixed dimer model. In detail, Figure 41(c) 
shows the established [136,162] atomic models for these surface reconstructions 
ordered with decreasing phosphorus content. Starting from the hydrogen-
stabilized P-rich (2×2)-2D-2H (left), the top layer P concentration in the surface 
unit cell decreases from 1 monolayer (ML) over ½ ML and ¼ ML for the interme-
diate β2(2×4) and α2(2×4) structures to ⅛ ML for the group-III-rich (2×4) mixed-
dimer surface (right), respectively. In parallel, the group-III content increases 
stepwise from 0 ML over ¾ ML to finally 1⅛ ML in the mixed-dimer structure. 
The comparison between surface phase diagrams of Figure 41 shows adjacent 
regimes for the P-rich and the different (2x4) phases of GaP(100), while the (2x4) 
terminations of InP(100) are well separated from its P-rich phase. In particular, the 
regime of the β2(2×4) and α2(2×4) structures of InP(100) appear at a significantly 
lower chemical potential of hydrogen, compared to the moderate values assigned 
to GaP(100). During MOVPE preparation, the chemical potentials are determined 
by the surface temperature of the sample and the chemical environment defined 
by the choice of process gas. Accordingly, the change induced by the switch from 
hydrogen to nitrogen carrier gas is large enough to reach the intermediate surface 
reconstruction of GaP(100), but too small to bridge the gap to the analogous phase 
of the InP(100) surface. 
4.4 Atomic resolution of the P-rich surfaces and dynamical observation 
Figure 42 shows an image of one of the GaP(100) surfaces at room temperature 
after transfer to UHV.  The image quality compares favorably with the images 
presented in refs. [19] and [20]. A direct comparison with the calculated images 
[21] is possible, and in region A of Figure 42 the zigzag pattern of the calculated 
filled states image is clearly visible with only the ‘up’ atoms contributing to the 
image. As mentioned above, this corresponds to the p(2×2) reconstruction. In re-
gion B the honeycomb structure is observed, which corresponds to the c(4×2) 
reconstruction. The regions of these reconstructions only extend over a few unit 
cells, leading to numerous locations, where transitions between the two symme-
tries exist. This indicates that the additional energy required for neighboring 
dimers to buckle in the same direction and therefore to violate the symmetry of 
the two reconstructions is relatively low.  In a few places, irregular bright struc-
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tures are visible. These are likely to be due to residues from precursor fragments, 
which have not been removed completely by the annealing procedure, or due to 
missing H atoms or impurities. 
 
Figure 42: Filled state image of GaP(100) surface at room temperature. Regions A and B 
exhibit  p(2×2) and c(4×2) reconstructions, respectively. Scale 65 Ǻ× 60 Ǻ. 
The image of the GaP(100) surface in Figure 42, which results directly from 
MOVPE preparation may be compared with images in ref. [22] of the P-rich 
InP(100) surface which were obtained after an annealing step in UHV.  Although 
the defect density is higher in Figure 42, the similarity of the underlying surface 
structure is striking. Figure 42 confirms that this surface should be referred to as 
p(2×2)/c(4×2) reconstructed. 
4.4.1 Evidence for flip-flop motion on P-rich GaP(100) surfaces  
The clean Si(100) surface possesses some similarity to this surface; in the case of 
(2×1)-reconstructed Si(100) a complete layer of dimers terminates the surface 
without involving hydrogen, forming a (2×1) reconstruction and leaving one elec-
tron in each dangling bond. These electrons form π-bonds, and the dimers tilt, 
with charge being transferred from the down atoms to the up atoms [163], giving 
rise to buckled dimers that exhibit p(2×2) and c(4×2) unit cells [82], [164]. How-
ever, STM images at room temperature show symmetric dimers [83], which is 
attributed to a flip-flop motion, where the dimers fluctuate between the two equi-
librium positions at a rate too high to be resolved at room temperature, and only in 
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the vicinity of defects or at sufficiently low temperature buckled dimers are ob-
served in STM images. Clearly, in the case of GaP(100) and InP(100) the dimers 
do not appear symmetrically at room temperature.  However, we investigated the 
possibility that they undergo a flip-flop motion at a much lower rate by comparing 
successive images of the surface. 
 
Figure 43: Consecutive filled state images of GaP(100) surface at room temperature. Frames 
1 and 2 indicate regions where dimer flipping occurs between the images. The time elapsed 
between images is about 1 minute, while the time required to completely image one atom is 
about 1.5 s. Scale 45 Ǻ× 45 Ǻ. 
Figure 43 shows a region of two successive images at room temperature for this 
comparison. The rectangular frames indicate positions, where the surface changes 
between the two images. In frame 1 there are six protrusions, of which the three 
on the left-hand side in the frame remain unchanged. The three protrusions on the 
right-hand side appear in a zigzag arrangement in Figure 43(a), while in Figure 
43(b) they are aligned vertically. In frame 2 the three protrusions on the right-hand 
side remain unchanged, while the zigzag arrangement of the three protrusions on 
the left-hand side is flipped with respect to a vertical axis. The process which is 
associated with the flipping of a protrusion with respect to a vertical axis becomes 
clear when one considers the atomic model according to Hahn et al. The protru-
sions in the images are due to the electron lone pair of the ‘up’ atom of the P-
dimer.  The flipping therefore implies that the ‘up’ atom shifts downwards and 
vice versa, so that the buckling of the dimer reverses (i.e. the dimer is mirrored). 
According to the atomic model this means that the H atom, which stabilizes the P-
dimer, changes position from one P-atom in the dimer to the other. This is dis-
tinctly different from the case of the Si(100) (2×1) surface, where the flip-flop 
motion only results from a charge transfer from one Si atom to the other and their 
related rehybridization.  
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4.4.2 Temperature dependence of the dimer flipping processes  
One may speculate that the motion and change of the bonding arrangement of the 
H atom required in the case of the GaP(100) surface, is the reason for the com-
paratively low rate of the dimer flipping in this case. In order to investigate the 
possibility of a thermally activated process we carried out experiments at the 
lower sample temperature of 120 K (while the scanner is maintained at room tem-
perature in our STM when working at low temperature). 
 
Figure 44: Consecutive filled state images of GaP(100) surface at 120 K. The frame indicates 
a location where two dimers flip back and forth in the images. The time elapsed between 
consecutive images here is about 16 s, while the time required to completely image one atom 
is about 0.4 s.  Scale 45 Ǻ× 45 Ǻ. 
Figure 44 shows sections of three successive images recorded at 120 K in which 
the rectangular frames highlight a region where dimer flipping can be observed.  
Between Figure 44(a) and Figure 44(b) two dimers belonging to adjacent rows 
flip, while from Figure 44(b) to Figure 44(c) they flip back again. Hence, even at 
120 K the buckling of the dimers is not frozen. The sequence of the images 
shown, containing the dimers flipping back and forth, gives an indication of the 
rate at which the process occur. We can estimate an upper and lower limit of this 
rate based on the time to image one atom, during which its appearance does not 
change and on the number of changes between images, respectively. For both 
temperatures, these rates lie between 10 s-1 and 0.03 s-1. While in the case of sim-
ple thermal activation of the same system at room temperature and at 120 K a dif-
ference of many orders of magnitude in frequency should result, the images are 
inconsistent with a difference of significantly more than two orders of magnitude. 
The flip-flop motion seen in Figure 44 should increase to a frequency at room 
temperature which would prevent resolution of the dimer in the STM image, in 
disagreement with the observation. 
On the other hand, the energy required to flip a particular dimer may depend on 
the direction of the buckling of its neighbors and of the dimers in adjacent rows. 
The configuration of these dimers in the vicinity of the flipping event is different 
for the images at room temperature and at 120 K. In the image at 120 K the 
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dimers flip between configurations which are energetically degenerate when con-
sidering nearest neighbors (in each configuration one of the two neighboring 
dimers is oriented in the same direction as the one that flips, while the other 
neighbor is oriented in the opposite direction). On an ideal surface, this situation 
occurs at the boundary between p(2×2) and c(4×2) symmetry, but in the images 
shown, the vicinity contains several defects. Still, the degeneracy may apply to 
first order to the dimers in question and may facilitate the observed flipping. In the 
images at room temperature, some dimers within one row flip individually, while 
in other locations several neighboring dimers are seen to flip together between 
images. This may be associated with different energy barriers. Based on these 
observations it is likely that the energy barrier governing the events observed at 
120 K is different from those which apply to the events shown in the images at 
room temperature. Here, theoretical considerations might provide further clarifica-
tion. 
4.4.3 Dimer flipping on P-rich InP(100) surfaces  
Dimer flipping processes have also been observed on InP(100) p(2×2)/c(4×2) sur-
faces [156]. Such a process is shown in Figure 45 where two successively meas-
ured occupied states room temperature STM images are depicted. The arrows in-
dicate the same zigzag unit in both micrographs. It can be seen that the bright 
protrusion of this unit is moved to the other side in the second image with respect 
to the first one. Such flipping processes have been observed several times at dif-
ferent locations on this surface. They take place in the vicinity of surface defects, 
such as voids or adsorbed species on the top layer (contaminations). A possible 
reason is that the flipping process is supported by the strain produced by the de-
fects. 
 
Figure 45: STM observation of a dimer-flipping process at a InP(100) p(2×2)/c(4×2) surface 
unit (indicated by arrows) in two successive occupied states STM images measured at room 
temperature. Such flipping processes have been observed several times at different locations 
on the surface. Scale 58 Ǻ× 58 Ǻ, sample bias voltage: -5.2V. 
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The dimer flipping supports the model of a H-stabilized phosphorus dimer. The 
calculations by Pulci et al. [153] and Schmidt et al. [136] have shown that unter-
minated P-P dimers at the InP(100) surface are inconsistent with a buckled dimer 
structure. Hence, the 2×1 cell at the surface must be due to a mixed dimer or an 
adsorbate at the P-P dimer. The dimer flipping contradicts the mixed dimer struc-
ture, as an exchange of different kinds of dimer atoms as the basis for the ob-
served flipping is highly unlikely. As an adsorbate hydrogen is the only possible 
candidate since XPS measurements on these surfaces (not shown here) would 
have revealed the presence of other elements. Hence, the only structure in agree-
ment with our experimental observation is the hydrogen stabilized P-P dimer. 
Based on the temperature-dependent measurements, we conclude that, most likely, 
a tip-induced process takes place, comparable to other systems with tip-induced 
motion of surface atoms [165], [166], [167], which may be aided by surface strain 
due to defects in the vicinity. Possible mechanisms of tip-sample interaction in-
clude heating due to the high local current density or the influence of the high 
electric field caused by the STM tip. However, we cannot entirely rule out that 
activation energies of the involved configurations are sufficiently different to 
compensate for the difference in the available thermal energies between room 
temperature and 120 K. Theoretical studies could elucidate the relation between 
the configurations and the energies involved. A more detailed experimental analy-
sis with a larger set of images under different conditions will be carried out to 
obtain data on a larger variety of atomic configurations and to study the interac-
tion of tip and sample. In particular, we will investigate the dependence of the 
dimer flipping on bias voltage and tunneling current and whether some control of 
the observed effect by targeted local variation of the tunneling parameters can be 
obtained. 
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5 GaP growth on Si(100) and anti-phase disorder 
5.1 State-of-the-art: polar on non-polar epitaxy and anti-phase disorder 
The technological interest in the superior electronic and optoelectronic properties 
of III-V semiconductors promotes the research in heteroepitaxy on silicon (Si) 
substrates for integration in established micro-electronics. However, major chal-
lenges have to be met at the III-V/Si heterojunction: crucial issues are differences 
in lattice constants and thermal expansion coefficients as well as the formation of 
the heterovalent (polar-on-non-polar) interface necessitating a suitable substrate 
preparation prior to heteroepitaxy. New defect mechanisms – typically not ob-
served in III-V homoepitaxy – arise from the interface with the Si(100) substrate 
and need to be controlled to achieve defect concentrations suitable for applications 
in advanced optoelectronic devices [3]. 
Due to the small lattice mismatch (0.37% at 300K), epitaxial growth of gallium 
phosphide (GaP) on Si(100) begins pseudomorphic. Therefore, the GaP/Si(100) 
system is an important model system for polar-on-non-polar epitaxy. Thin, pseu-
domorphic GaP films on Si(100) are particularly suitable for the study of the for-
mation of the heterovalent interface and to characterize the influence of the inter-
face on the evolution of defects in detail. 
Anti-phase disorder in the deposited III-V epilayers has been identified as one of 
the major challenges [3,29] and is subject of recent studies [30,168]: the two-
domain structure of the reconstructed Si(100)(2x1) surface is a main obstacle for 
the epitaxial growth of single-domain zinc blende structures of III-V semiconduc-
tors such as GaP (Figure 3). As a consequence, undesired structures of anti-phase 
domains (APDs) separated by anti-phase boundaries (APBs) are formed, which 
typically propagate in growth direction. APDs are regions of anti-sites [169] with 
respect to each other which feature orthogonal orientations of their local lattices in 
the surface plane [43]. 
5.1.1 Detection of anti-phase disorder – established techniques 
The high similarity of the APDs with the main phase complicates the detection of 
anti-phase disorder. Since rather unfavorable bonds (III-III and/or V-V) are the 
specific feature of the APBs separating different domains, destructive methods 
such as anisotropic etching [170] or adequate post growth annealing [28] can en-
hance the topographic contrast of APB intersections with the surface (Figure 46). 
In direct analogy to anisotropic etching, preferential GaP evaporation associated 
with weaker bonds in the APBs occurs if certain annealing conditions are applied 
[28]. Consequently, AFM images of such GaP/Si(100) samples visualize the re-
sulting trenches which correspond to APBs as height contrast. 
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Figure 46: AFM images of the surface of thin heteroepitaxial GaP films grown by MOVPE 
on Si(100) substrates with different off-cut angles of 0.1° (a), 2° (b), and 6° (c). For the visu-
alization of anti-phase disorder, specific annealing conditions induced preferential desorption 
at APBs prior to AFM measurement. Due to the choice of contrast for better visibility of 
surface steps, the complete APD areas appear dark in all images (a-c).  
Figure 46 displays AFM images of identically prepared GaP films grown on 
Si(100) substrates with  different misorientation of 0.1° (a), 2° (b), and 6° (c). To 
exhibit general surface morphology and anti-phase disorder at the same time, the 
selected height scale does not resolve the morphology around APBs, consequently 
the comparatively small APDs appear completely black. Instead, the images pro-
vide a good impression of the achieved surface quality in main phase areas, where 
the observed step structure is consistent with misorientation of the respective 
Si(100) substrates.   
Direct evidence for APDs as a bulk feature can be gained from X-ray scattering 
[3]. Due to the reversal of the stacking sequence in APDs compared to the main 
phase, the APBs, which are the junctions of both phases, are visible in high-
resolution TEM images [171] as shown in Figure 47. All images show APBs in 
thin heteroepitaxial GaP films grown on slightly misoriented Si(100) substrates. In 
principle, the APBs propagate in growth direction, but either straight (a) or kinked 
towards tilted lattice planes (b). Since the specimen thickness is on the order of 
several tens of nm, kinking from the viewing direction leads to a split or widened 
appearance of the APBs (c).  
Even direct resolution of APDs and their geometrical distribution can be achieved 
by TEM if proper imaging conditions are applied [172]. Both cross sectional 
(Figure 48) and plan-view (Figure 49) studies yielded characteristic APD contrast 
by specific dark-field imaging combined with adequate tilts of the specimen as 
described by Ref. [168] for GaP/Si(100). Figure 48 shows different cross-
sectional dark-field TEM images of different heteroepitaxial GaP/Si(100), where 
anti-phase disorder is highlighted by bright/dark contrast. The applied imaging 
conditions decide, whether either the main phase (a) or the APDs (b) appears 
bright.  
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Figure 47: High-resolution TEM images displaying APBs obtained at cross-section specimens 
prepared from MOVPE-grown GaP films on Si(100) substrates with 0.1 misorientation. In 
general, APBs propagate in growth direction (a), but do not necessarily grow exactly straight 
(b). APB configurations which are not perpendicular to the image plane can appear twice (c).  
 
Figure 48: Cross-section TEM images with specific dark-field contrast for visualization of 
anti-phase disorder. According to the choice of imaging conditions, either the main phase (a) 
or the APDs (b) can appear bright. Magnification of a single APD (c) shows the difference 
between the APBs at both edges.  
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The higher magnification image of Figure 48(c) shows a single anti-phase domain 
and its boundaries to the matrix of the main phase, which typically appear darker 
than any of both phases. Hence, the different character of APBs is also visible 
with dark-field contrast: While the APB on the right is depicted as a thin straight 
line in direct analogy to Figure 47(a), the APB on the left is slightly tilted in some 
part and most notably much thicker than the other one. In analogy to Figure 47(c), 
kinking from the viewing direction explained this blurred appearance.  
 
Figure 49: Plan-view TEM images with specific dark-field contrast for visualization of anti-
phase disorder. Depending on the applied imaging conditions, either APBs appear with dark 
contrast (a) or dark/bright contrast between APDs and the main phase may be achieved (b). 
Figure 49 shows two plan-view dark-field TEM images of a GaP/Si(100) sample 
with slightly different contrast conditions. While in part (a) both phases equally 
appear grey and anti-phase disorder is visualized by darker network of APBs, part 
(b) shows distinct dark/bright contrast between the APDs and the main phase. As 
already seen in the cross-sectional dark-field TEM images of Figure 48, the thick-
ness of the APBs in the images can be applied as an approximate measure of their 
kinking relative to the viewing direction. In the case of plan-view image, both 
lateral directions of the surface are observed simultaneously. The comparison be-
tween typical APB widths and APD sizes allows a very rough estimate of the 
probability APB self-annihilation at the growth conditions applied during sample 
preparation. 
5.1.2 Correlation of anti-phase disorder and surface structure 
The reconstructions of the GaP(100) surface are well-studied. A P-rich surface 
reconstruction of GaP(100) is typically obtained after growth by metal-organic 
vapor phase epitaxy (MOVPE) [19,150]. In MOVPE, hydrogen from the process 
gas stabilizes the buckled surface P-dimers [21] with alternating tilts [Figure 50 
(inset)]. In analogy to the reconstructions of the clean Si(100) surface [82], the 
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arrangement of parallel or anti-parallel dimer rows on P-rich GaP(100) leads to 
the coexistence of (2x2) and c(4x2) structures at the surface [Figure 50 (left side)]. 
In low energy electron diffraction (LEED) this surface yields a (2x1) superstruc-
ture pattern with additional streaks [19]. The P-rich GaP(100) surface reconstruc-
tion is also associated with an intense characteristic RA spectrum which enables 
reliable in situ control of the surface preparation [43]. 
 
Figure 50: Dimer model of the P-rich GaP(100) surface reconstruction: Based on buckled P-
dimers stabilized by a single hydrogen atom (see inset), the surface is arranged in parallel 
and anti-parallel dimer rows resulting in a combined p(2x2)/c(4x2) symmetry (left). Only on 
hetero-epitaxial GaP/Si(100) surfaces, also perpendicular dimer orientation occurs (right) 
due to anti-phase disorder. 
In principle, the identical reconstruction mechanism is expected for P-rich pre-
pared surfaces of heteroepitaxial GaP/Si(100) samples. However, Figure 50 shows 
that the P-dimers align in mutually perpendicular directions reflecting the anti-
phase disorder in the film. LEED measurements laterally average over the micro-
scopic domain structure. In general, we expect a combined (2x1)/(1x2) diffraction 
pattern (Figure 51) for a GaP film grown on Si(100), in which the intensity of the 
partial patterns is determined by the distribution of APDs.  
Figure 51 shows a comparison of two LEED pattern measured at the P-rich pre-
pared surfaces of two GaP/Si(100) samples. While the left image (a) appears basi-
cally identical to the (2x1)-like LEED pattern of a P-rich prepared homoepitaxial 
GaP(100) surface (Figure 38, inset), the right one (b) shows streaks in both sur-
face directions and additional half-order diffraction spots. 
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Figure 51: Typical 60 eV LEED patterns measured at heteroepitaxial GaP films grown by 
MOVPE on 2° off-cut Si(100) substrates. The single-domain surface (a) exactly reproduces 
the (2x1)-like pattern expected for P-rich prepared GaP(100), while the image of the dis-
tinctly two-domain surface (b) contains significant signal of the mutually perpendicular sur-
face reconstruction domain as an indication for the anti-phase disorder in the GaP film.   
In direct analogy to the LEED observations a two-domain reconstructed Si(100) 
(Figure 14), the measurement laterally integrates the domain distribution of the 
surface. Accordingly, the sample associated with Figure 51(b) showed significant 
anti-phase disorder at its surface, while the LEED pattern of Figure 51(a) does not 
indicate the presence of (1x2)-like minority surface reconstruction domains. How-
ever, it appears questionable to what extent LEED observations can confirm the 
single-domain character of a heteroepitaxial III-V/Si(100) surface. 
The characteristic RAS features associated with the P-rich GaP(100) surface are 
essentially determined by the surface reconstruction [43]. According to the defini-
tion of RAS (Eq. 1), the measured anisotropy of APDs is oppositely signed com-
pared to the main phase or homoepitaxial GaP(100) as sketched in Figure 52. 
Similar to LEED, RAS measurements laterally average over the microscopic do-
main structure and the APD content of a GaP/Si(100) sample should effectively 
reduce the observed RAS signal intensity. 
The present study reports on the application of RAS for quantitative in situ analy-
sis of III-V/Si(100) anti-phase disorder and utilizes the pseudomorphic growth of 
thin heteroepitaxial GaP layers as a model system. The evaluation of the APD 
content of a distinctly two-domain GaP/Si(100) sample in reference to another 
heteroepitaxial GaP film of equal thickness leads to promising agreement with ex 
situ AFM measurements [30]. In contrast, RA spectra of undoubtedly single-
domain GaP(100) cannot directly be applied as reference surface, since interfer-
ence with additional reflections at the GaP/Si(100) heterointerface alters shape 
and intensity of the sample spectra. 
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Figure 52: Schematic diagram of P-rich GaP(100) surfaces: The crystal axes define the orien-
tation of the surface reconstruction formed by H-stabilized P-dimers and the sign of the RAS 
signal. Anti phase disorder causes domains of perpendicular dimer orientation on which the 
sign of the signal is reversed (right). RAS measurement integrates over macroscopic areas of 
the surface, effectively resulting in a degradation of the intensity corresponding to the 
amount of APDs on the surface. 
As shown by detailed signal analysis, the major share of the characteristic devia-
tions originates from incorrect normalization of anisotropic surface signals. The 
determination of the relative reflectance of a sample compared to a P-rich pre-
pared GaP(100) reference surface enables application of corresponding correc-
tions [43] of the RAS data of heteroepitaxy experiments to obtain an accurate 
APD quantification independent of the GaP film thickness. Extensive benchmark-
ing versus microscopically resolving and statistically evaluated ex situ reference 
techniques such as AFM and dark-field TEM confirms the reliability and accuracy 
of the in situ RAS quantification of III-V/Si(100) anti-phase disorder [173]. Using 
specific film growth conditions for straight propagation of APBs perpendicular to 
the surface, we simultaneously obtain an indirect in situ quantification of Si(100) 
surface reconstruction domains [174], since the APD structure of a GaP/Si(100) 
surface directly reproduces the distribution of surface structure of the Si(100) sub-
strate prior to heteroepitaxy as evidenced by combined AFM and dark-field TEM 
ex situ measurements. However, bridging the gap between the local information 
of such microscopically resolving APD characterization techniques on the one 
hand and the macroscopic information of laterally integrating surface characteri-
zation techniques such as in situ RAS and LEED on the other hand usually re-
quires extensive statistics. LEEM dark-field imaging provides an alternative for 
direct evaluation of III-V/Si(100) anti-phase disorder on a mesoscopic length 
scale with a non-destructive surface sensitive microscopy technique [175]. Subse-
quent to their full empirical correction with respect to interference in the normali-
zation and anti-phase disorder, still systematic deviations between the RA spectra 
GaP/Si(100) and GaP(100) samples were observed, in particular in the spectral 
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range around 3.2 eV. The characteristic differences were attributed to the optical 
anisotropy of the GaP/Si(100) heterointerfaces [176]. We conducted complex 
model calculations, for which the approach of Ref. [177] was extended for the 
consideration of anti-phase disorder, to separate the contribution of the surface 
and interface dielectric anisotropies (SDA and IDA, respectively) to the RA spec-
tra of our samples. 
5.2 Potential for in situ detection of anti-phase disorder 
An in-situ technique for reliably determining the single-domain character of large-
area surfaces is essential for the application of GaP/Si(100) quasi-substrates. 
Typical deposition conditions in the MOVPE reactor require optical in-situ tech-
niques instead of e.g. probing with electron beams [16]. In situ RAS of GaP(100) 
and its atomic surface structures was the subject of several recent studies. Differ-
ent terminations have been identified and were assigned to characteristic RA spec-
tra [19], [150], [137]. The atomic structure of the well-ordered P-rich GaP(100) 
surface that is essentially formed by buckled P-dimers each stabilized by a single 
hydrogen atom and that was also observed on P-rich InP(100) [21], is typical for 
standard MOVPE preparation. Here, RAS was considered to measure the APD 
density over the entire spot size (about 0.5 cm2) [30]. According to its definition, 
RAS signals originating from alternating, vertically aligned domains (e.g. APDs) 
are reversed. Thus, degradation of the RAS signal intensity occurs corresponding 
to the relative amount of APDs on the surface of the deposited film. In contrast, 
on Si(100) substrate prepared preferentially with biatomic steps as intended for 
the substrate of sample D (Figure 55(b)), the GaP/Si(100) surface produces a far 
less distorted RAS signal with significantly higher amplitude. 
 
Figure 53: Comparison of the RA spectra of sample D and of a homoepitaxially prepared 
GaP(100) reference R. 
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In Figure 54 in situ RA spectra of thin, hetero-epitaxial GaP layers grown on 
Si(100) are presented. 40 nm thick GaP films are grown on VPE prepared Si(100) 
substrates intended to exhibit either single-domain or two-domain surface recon-
structions, respectively. In Ref. [53] it was described how to prepare preferentially 
single-domain GaP/Si(100) surfaces. Key issues are the substrate off-orientation, 
the temperature and the partial pressure of hydrogen during a specific annealing 
step of the Si-epitaxial buffer layer as well as the specific preparation parameters 
for the III-V layer. Hence, here two different preparation routes were applied: The 
first sample (D) was prepared with optimized parameters for creating double(DB)-
stepped, single domain GaP/Si(100) surfaces by employing slightly misoriented 
Si(100) substrates of about 0.1° towards the [011] direction and preparation pa-
rameters of Ref. [53]. To prepare the second sample (S) Si(100) substrates with a 
slight misorientation (0.1°) towards the [010] were employed resulting in prefer-
entially two-domain (single-stepped) Si-surfaces [53]. The precursors tertiarybu-
tylphosphine (TBP) and trimethylgallium (TMGa) were used to grow thin, hetero-
epitaxial GaP films. An adequate nucleation layer was generated by pulsed, alter-
nating injections of the precursors at 450°C, while the actual growth of the film 
was performed at 575°C. The process was stopped well before reaching the re-
laxation thickness of the GaP top layer yielding pseudomorphic films of about 40 
nm thickness as verified by high-resolution X-ray diffraction. The GaP/Si(100) 
samples were cooled down in the presence of TBP in order to prepare the P-rich 
surface of GaP(100) [19]. The whole preparation was monitored by in-situ RAS 
employing a LayTec EpiRAS 200 spectrometer. 
In particular, it was applied to control the MOVPE preparation of the well-known 
P-rich GaP(100) surface for all samples [21], [19]. In order to quantify the amount 
of residual APBs in the different experiments, at first a standard, P-rich GaP(100) 
reference layer R was grown homoepitaxially on a GaP(100) substrate (Figure 53, 
spectrum R). All RA spectra of Figure 53 and Figure 54 exhibited the principle 
RAS features observed on the homo-epitaxial GaP(100) reference sample R. The 
RA spectrum D presented in Figure 53 and Figure 54 was taken on GaP/Si(100), 
when the silicon substrate was preferentially prepared as single-domain surface 
corresponding to results of Refs. [53], [28]. The RA spectra of both samples (R 
and D) were compared in Figure 53 and their amplitudes agree almost perfectly. 
In particular, the peak intensities are nearly identical suggesting a GaP/Si(100) 
surface essentially free of APDs (sample D). In comparison to the RA spectrum of 
the single-domain GaP/Si(100) surface (D), the corresponding spectrum of the 
GaP/Si(100) surface, that was intentionally prepared on a two-domain Si-substrate 
(S), shows a much lower intensity, as is shown in Figure 54. It verifies that the 
RAS signal intensity taken on the thin GaP(100) films strongly depended on the 
Si(100) preparation route and, hence, on the distribution of reconstruction do-
mains on the surface. Due to the superposition of inverted RAS signals originating 
from different APDs, the observed RAS peak intensities allow for a quantitative 
analysis of the APD concentration on the GaP(100) surface. For this purpose, 
Figure 54 also shows another spectrum (A), which is an eightfold amplification of 
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spectrum S. Except for some minor differences (see below), the amplified spec-
trum A agrees very well with the spectrum of the single-domain surface from 
sample D. Thus, the RAS intensity of spectrum S was only about 1/8 (12.5 %) of 
spectrum D from the single domain GaP/Si(100) surface. This is explained by the 
difference of the domain distribution on the surface of sample D, indicating an 
APD imbalance and, thus, corresponding to an APD ratio of about 44 to 56 per 
cent on the surface of sample D. 
 
Figure 54: 300K RAS of a single-domain GaP/Si(100) surface (spectrum D), the correspond-
ing GaP/Si(100) surface that was intentionally prepared as two-domain surface (spectrum S) 
and its eightfold amplification (spectrum A). 
Figure 53 also displays some differences between the RA spectra of samples D 
and R. While spectrum R of the homo-epitaxial reference represents a standard 
RA spectrum of P-rich GaP(100), only originating from the atomic surface recon-
struction [21], in experiment D and S additional contributions to the RAS signal 
rr /Δ  arose from reflections on the buried GaP/Si(100) hetero-interface. These 
interface reflections induced interferences of the total reflectivity, which was util-
ized for the normalization of the RAS signal, and might also be modified by some 
additional minor optical interface [142] and strain-induced anisotropies [178]. 
However, beyond the direct band gap of GaP (2.8 eV) these interferences diminish 
towards higher energies due to absorption, in particular, at critical points in the 
Brillouin zone like the bulk-induced interband transition E1, at 3.7 eV, where the 
strongest RAS peak is induced by a so-called surface-to-bulk transition [139]. In 
this study, the induced experimental error regarding the RAS peak intensity at 
around 3.6 eV was measured below 2%. 
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Figure 55: AFM of Si(100) before (a,b) and after GaP/Si(100) growth (c,d): In contrast to 
sample D (d), the surface of sample S (c) exhibits a network of anti-phase boundaries after 
GaP/Si(100) growth. In (c’) the two different surface domain-types of sample S (c) are color 
coded in black and white to quantify the surface area covered by each phase. 
Ex-situ AFM images of the GaP/Si(100) samples D and S and the corresponding 
Si(100) substrate surfaces are shown in Figure 55. Both images exhibit smooth 
surface morphologies. However, the surface of sample S shows a network of black 
lines, which were identified with APBs [28], while the surface of sample D is free 
from any APB-related characteristics only exhibiting GaP-bilayer surface struc-
tures, clearly supporting the above findings of the RAS studies. In addition, in the 
AFM micrograph of Figure 55(c’) the surface area covered by one phase was 
color coded in white to quantify the surface area of the two variants of GaP-APDs 
on sample S. It revealed a domain ratio of 55% to 45% and, hence, perfectly sup-
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ported the in-situ RAS analysis regarding the signal intensities in Figure 53, 
where a domain ratio of 56% to 44% has been determined. 
These results clearly underline the chosen approach to quantitatively verify the 
domain structure of III-V films grown on non-polar substrates for large surface 
areas, as demonstrated here for the example of GaP/Si(100).  For this purpose, 
optical in-situ control with RAS was employed and the linear combination of sig-
nals of the different domains was analyzed in terms of the RAS peak intensity. 
These well established peaks both from experimental as well as theoretical point 
of view can be regarded as surface sensitive fingerprints and can be employed for 
benchmarking domain-analysis of surfaces via homo-epitaxial prepared reference 
samples. 
5.3 Quantification of GaP/Si(100) anti-phase domains  
As the principle of RAS probes the difference in the normal-incidence reflec-
tances xR  and yR  of linearly polarized light directed onto the sample’s surface 
[16,17] the measurements are well suited to the in situ detection of anti-phase dis-
order occurring during polar on non-polar heteroepitaxy [30]. According to their 
orthogonal orientation, the surface area of anti-phase domains (APDs) produces 
oppositely signed RAS signal contributions yx RRR −=Δ  (see Figure 57, compact 
curve versus dashed curve). Since the measurement integrates macroscopically 
over the sample’s surface, the intensity of the RA spectra also represented an in 
situ indication of the APD content. However, deducing reliable quantitative in-
formation required adequate references and the precise separation of different 
contributions to the RAS signal. In the case of the pseudomorphic growth of thin 
GaP films on Si(100) [28,30,53] via MOVPE with sufficient P supply, we ex-
pected atomically ordered P-rich GaP(100) surfaces after deposition, which 
should qualify homoepitaxial samples grown under standard conditions as a refer-
ence. The results of chapter  4 justify this straightforward approach, as long as 
identical surface preparation and measurement conditions for the utilized RA 
spectra ensured that other sources of signal changes were excluded. 
5.3.1 In situ characterization of heteroepitaxial GaP/Si(100) 
For Figure 56, we performed an annealing experiment in analogy to Figure 33 
starting from a 40 nm thin GaP film grown on vicinal Si(100), which was about 2° 
off-oriented towards the [011] direction, to observe the principal surface recon-
struction characteristics of an heteroepitaxial sample with in situ RAS. According 
to the established procedures presented in section  4.2, the P-rich surface was pre-
pared on a heteroepitaxial GaP/Si(100) sample directly after growth. Subse-
quently, RA spectra were measured continuously, while the temperature was 
ramped up very slowly from 300°C to 700°C under pure hydrogen carrier gas. 
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Figure 56: (a) In situ RAS colorplot of the surface of a heteroepitaxial GaP film which was 
grown on 2° off-orientated Si(100): In direct analogy to Figure 33, spectra were taken con-
tinuously while the sample temperature was ramped up from 300 to 700°C at a rate of 1.5 
K/min without TBP supply. Qualitatively, we observed the P-rich surface reconstruction 
between 300°C and 490°C, the Ga-rich reconstruction beyond 500° C and an intermediate 
surface state in a narrow range around 490 °C – 500 °C as expected in analogy to homoepi-
taxial GaP(100). (b) Extracted RA spectra which represent the P-rich (top), the Ga-rich (bot-
tom) and the intermediate surface (middle). Dashed vertical lines connect the peak positions 
with the respective features in the colorplot. 
In direct analogy to Figure 33, the results indicated an almost abrupt transition 
between the P- rich and Ga-rich surface reconstructions at a critical temperature of 
about 490°C [157] (Figure 56). Qualitatively, the color-coded RAS data of both 
experiments [Figure 33 and Figure 56 (upper parts)] agree very well, such that we 
could exclude strain induced modification of the principal surface reconstruction 
properties. Only a slight difference at the beginning of the experiments (T < 
400°C) resulted from the different starting conditions: Starting with a surface 
preparation with (Figure 33) or without (Figure 56) excess phosphorus on top, 
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respectively, demonstrated its initial influence on the RAS signal. The selected 
spectra representing the P-rich, the Ga-rich, and the intermediate states of the 
GaP/Si(100) surface (Figure 56, lower part) show the basic features as already 
observed at homoepitaxial GaP(100) (Figure 33). Nevertheless, even in that case, 
where we prepared single-domain GaP on Si(100) [30], we still observed consid-
erable deviations between the data of hetero- and homoepitaxial samples. These 
minor, but systematic qualitative discrepancies between selected spectra of Figure 
33 and Figure 56 will be discussed below (Figure 57). 
5.3.2 Direct comparison to RA spectra of homoepitaxial GaP(100)  
In spite of the good qualitative agreement of both experiments (Figure 33, Figure 
56), there was a significant disparity with regard to the scaling of the color-coded 
representations of the data: the RAS amplitude of the GaP/Si(100) sample (Figure 
56) reached only about two-thirds of the amplitude that was associated to the ho-
moepitaxial reference (Figure 33). On the one hand, this basic loss of RAS inten-
sity in the experiment indicated the presence of some anti-phase disorder at the 
final heteroepitaxial GaP/Si(100) surface [30], since the signal according to its 
definition ( yx RRR −=Δ ) is reversed on APDs. On the other hand, the observa-
tion of a significant RAS intensity in Figure 56 already suggested a preferential 
domain orientation on the surface, since an equal share of APDs would simply 
result in the absence of any RAS intensity.  
In detail, single atomic layer steps of the Si(100) substrate surface prior to GaP 
heteroepitaxy initiated the APBs [28,30], which then confined the APDs. In con-
sequence, the undesired APD content may be reduced either by avoiding APB 
formation before growth (requiring a bilayer step configuration of the substrate 
surface) [28] or by eliminating APBs during growth (requiring promotion of pair 
wise APB self annihilation) [53]. Either way, the GaP/Si(100) surface studied in 
Figure 56 already featured a distinct domain imbalance: The effective RAS ampli-
tude of about two-third (Figure 56) of the reference (Figure 33) suggested roughly 
one-third of ‘inactive’ surface area, implying that APDs covered half that share. 
For the precise evaluation of this quantification scheme, Figure 57 compares the 
two 400°C spectra, which were directly extracted from the respective annealing 
experiments (Figure 33, Figure 56). 
For the direct comparison of spectra, we selected the atomically ordered P-rich 
surface reconstructions of the homoepitaxial GaP(100) and heteroepitaxial 
GaP/Si(100) surfaces, because they combined straightforward MOVPE prepara-
tion with an intense characteristic RA spectrum (see section  4.2). Observing the 
surfaces at T = 400°C without TBP supply ensured the complete desorption of 
excess phosphorus and the stability of the well-defined P-rich (2x2)/c(4x2) sur-
face reconstruction.  
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Figure 57: RA spectra extracted from the colorplots presented in Figure 33 (curve with high-
est peak at 3.4 eV) and Figure 56 (curve with smallest peaks) at 400°C each. The preparation 
ensured the atomically ordered (2x2)/c(4x2) reconstruction of both surfaces. Regarding the 
in situ RAS quantification of APD, the spectrum of the homoepitaxial GaP(100) (curve with 
highest peak) is regarded as reference. Its inversion spectrum (dashed curve) arises when the 
surface structure is turned by 90°. The curve with smallest peaks represents a GaP/Si(100) 
layer structure containing APD, which locally turn the surface structure by 90°. It was also 
scaled up to roughly the amplitude and shape of the reference to provide a scaling factor of 
m = 1.8 for the APD quantification indicating a concentration of about 22%. 
Hence, the observed disagreement of the RA spectra in Figure 57 (curve with 
highest peak versus curve with smallest peaks) was only caused by the impact of 
the different substrate types used in the experiments. Firstly, different domain ori-
entations produced RA spectra with opposite sign (Figure 57, compare curve with 
highest peak versus dashed curve). Secondly, the laterally integrated experimental 
RA spectrum of the heteroepitaxial GaP/Si(100) surface (curve with smallest 
peaks) reflected its APD content as a superposition of its respective proportional 
domain areas on the surface. In effect, its intensity appeared reduced compared to 
the spectrum of the homoepitaxially grown, APD free GaP(100) sample (curve 
with highest peak), which acted as our reference. Thirdly, the scaling of the het-
eroepitaxial RA spectrum by a factor of 8.1=m  to roughly the intensity of the 
homoepitaxial one led to a similar shape of the spectra: Thus, the required scaling 
factor of 8.1=m  indicated that, effectively, only a surface area of 
%56/1 ≈= maeff  actually contributed to the RAS signal, while APDs covered 
half of the remaining area then: 
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The residual discrepancy between the RA spectra of the heteroepitaxial sample in 
reference to the homoepitaxial one (compare curves with highest peaks in Figure 
57) originated from the differences in the optical structure of the samples (see 
insets in Figure 57). Aside from the APD content, both surfaces were prepared 
identically, i.e. (2x2)/c(4x2) P-rich reconstructed. In contrast to the homoepitaxi-
ally grown GaP(100) sample, the GaP/Si(100) sample featured a buried hetero-
interface. During the RAS measurement, an additional internal reflection of the 
transmitted light occurred here, enabling interference with the signal reflected at 
the surface. Experimentally, the APD quantification accuracy increased, when our 
referencing procedure employed in Ref. [30] was applied, where an adequate het-
eroepitaxial single domain sample and ex situ AFM analysis were used to bench-
mark the APD content. A desired in situ process control of the APD content, how-
ever, required a less complex routine as well as a reference concept that combines 
reliability and accessibility. In principle, the straightforward MOVPE preparation 
of P-rich surfaces on homoepitaxial GaP(100) met these requisites quite well (sec-
tion  4.2) and in the following a more detailed understanding of the signal devia-
tions is given to assure the APD quantification results and enhance their accuracy. 
5.3.3 Impact of the GaP/Si(100) heterointerface on in situ spectra  
In Ref. [30] we already determined optical interference of the surface reflection 
with interfacial reflections as the origin of the RAS deviations, but the micro-
scopic and detailed origin remained unclear. While the standard RA spectrum 
( )refrr /Δ  of the P-rich GaP(100) reference ref  (Figure 33) originated from the 
atomic surface reconstruction only, additional RAS contributions arose from the 
buried heterointerface of the GaP/Si(100) sample spl  (Figure 56). According to 
their phase relation, the optical interference in the RA spectra depended on the 
wavelength λ , on the GaP film thickness d , on its refractive index )(λnn = , and 
on the phase shifts associated to the reflections combined in the interference factor 
))(,,( λλ ndff = . In principle, the thin GaP film acted as a Fabry-Pérot type 
resonator and both constituents of the sample’s effective RAS signal rΔ and r  
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potentially contained significant interference effects. For simplicity of the follow-
ing expressions, we present a first order approximation of our considerations, 
where multiple reflections were neglected. The reflections at the surface surf  and 
at the interface int  both contributed to the total reflection of the entire structure: 
><⋅+><=>< splint
spl
surf
spl
eff rfrr  (9a)
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Independently, interference might also occur regarding the reflection difference: 
spl
int
spl
surf
spl
eff rfrr Δ⋅+Δ=Δ  (9b)
Finally, both terms were used for the calculation of the actual RAS signal accord-
ing to equation 8. In consequence, the pure presence of an interfacial reflection 
( 0int >≠<
splr ) implied significant impact on the RA spectra due to the normaliza-
tion, even if the interface reflection itself did not contain any anisotropy 
( 0=Δ splintr ). The incident light was partially reflected at the surface and at the in-
terface.  The latter part, of course, also passed twice through the GaP film and its 
surface. Accordingly, the term splintrΔ  actually represented a sum of many potential 
sources of optical anisotropies (as shown in equation 9(c)) including: a specific 
atomically ordered GaP/Si(100) interface formation leading to an interface anisot-
ropy )i(r splintΔ [142], a strain induced bulk anisotropy of the GaP film 
)b(r splintΔ [179], an anisotropy caused by space charge regions [180] due to the 
polar on non-polar growth )c(r splintΔ [29], mesoscopically ordered anisotropic 
structures (step edges, APB, twins etc.) )m(r splintΔ  [144], and others: 
∑Δ=Δ
j
spl
int
spl
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The diversity of these potential contributions to the RA spectra of heteroepitaxial 
GaP/Si(100) films impeded detailed predictions, of how the APD quantification 
was affected in comparison to the homoepitaxial RAS signal. An experimental 
approach to separate different origins of the total anisotropy from each other could 
simplify the identification of specific contributions. According to their practical 
relevance, finally, a model containing adequate corrections might enhance the 
quantification accuracy. So, our further consideration essentially required a pre-
cise assignment, to which extent the observed deviations from the homoepitaxial 
anisotropy were caused either by the normalization of the signal (due to interfer-
ences regarding >< spleffr ) or by actual modifications of the optical anisotropy (con-
tributing in proper phase relation to spleffrΔ ), e.g. by an interface anisotropy. 
5.3.4 Interference induced by the GaP/Si(100) heterointerface 
The measured absolute reflection spectra >< spleffr  principally contained two dif-
ferent kinds of wavelength dependencies: firstly, the pure emission spectrum 
)(El λ  of the utilized light source l  (in our experiment a Xe lamp) and secondly 
the specific, material dependent reflectance spectrum )(Rsplabs λ . Due to the convo-
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lution of these spectra )(E)(Rr lsplabs
spl
eff λλ •=>< , continuous temporal changes 
corresponding to the aging of the lamp ),( tE l λ  also contributed to the data. 
Therefore, we measured both, the sample spl  and the reference ref  within a rea-
sonable time period it  to derive a precise relative reflectance )(R
spl
rel λ : 
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Equation 10 shows that the knowledge of the absolute reflectance of the reference 
)(Rrefabs λ  in principle allows the calculation of values for sample )(Rsplabs λ . But in 
practice )(λsplrelR  already provided direct access to the thin film interferences (as 
shown in Figure 58), since the surface structures of the homoepitaxial GaP(100) 
and the heteroepitaxial GaP/Si(100) were identical, which was ensured by well-
defined preparation procedures (section  4.2).  
 
Figure 58: Relative reflectance spectra )(λsplrelR  (see text) calculated for the heteroepitaxial 
growth of a GaP film on a Si(100) substrate in relation to a homoepitaxial GaP(100) refer-
ence with identical surface preparation conditions. The individual data sets for different GaP 
thickness values were taken in growth interruptions with continued TBP stabilization. Due to 
the optical path difference between the light reflected on the surface and the light reflected at 
the GaP/Si(100) interface Fabry-Perót interference occurred, which vanished at higher pho-
ton energies due to increasing absorption by the GaP film, in particular beyond the E1 inter-
band transition. Variation of only 20nm film thickness turns a maximum into a minimum 
and vice versa at around 3eV. 
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In both cases, a specific share of the probe light was reflected at the atomically 
ordered P-rich surface reconstruction of the epitaxial GaP(100) layers. In addition, 
only for the heteroepitaxial samples, a part of the initially transmitted light was 
reflected at the buried GaP/Si(100) interface and eventually reached the detector. 
The phase relation between both contributions explicitly varied with the consid-
ered wavelength of light λ  and the actual thickness d  of the GaP film giving rise 
to so called Fabry-Pérot oscillations within the relative reflectance spectra of the 
respective samples )(Rsplrel λ  as shown in Figure 58. 
The results in Figure 58 proved the presence of significant interferences in the 
reflectance of GaP/Si(100) samples relative to a homoepitaxial reference and gave 
a first insight of the magnitude of the modification of the respective RA spectra 
via the normalization by the reflected light >< spleffr . The high refractive index of 
GaP [181] led to significant oscillations even for moderate film thicknesses. Ac-
cording to the optical path difference Δ , the first destructive interference 
( )2/λ=Δ  occurred after about 20 nm GaP growth at photon energies of about 
3.0 eV and shifted to longer wavelength during further deposition. At the same 
time, constructive interferences ( )λ⋅=Δ n  and destructive interferences 
( )2/)12( λ⋅−=Δ n  of higher orders occurred. In effect, the interference conditions 
at the fixed position of 3.0 eV alternated in steps of nmd 20=  film thickness 
(Figure 58), which is often utilized for standard in situ growth analysis with a 
monochromatic light source [15]. At around 525 °C, the E0 interband bulk transi-
tion of GaP is located in the energetic range of 2.7 eV [159]. Beyond this position, 
the absorption coefficient of GaP starts to rise steeply [182]. This led to a drasti-
cally diminished intensity of the interface reflection beyond 3.2 eV photon energy, 
where the interference effects vanished and the reflectance of the samples equaled 
that of the homoepitaxial GaP(100) reference. 
5.3.5 Interference corrected normalization of in situ RAS signals 
These findings implied several severe consequences for the in situ quantification 
of GaP/Si(100) APDs utilizing the RAS technique. In the optical range between 
about 1.5 eV and 3.2 eV photon energy, the reflectance of heteroepitaxial samples 
changed significantly depending on wavelength and film thickness. The relative 
reflectance )(Rsplrel λ in comparison to our homoepitaxial reference (Figure 58) 
roughly ranged from 0.6 to 1.5 just due to simple Fabry-Pérot type interferences. 
As a direct result, the normalization eventually modified the RAS intensity of ar-
bitrary GaP/Si(100) samples by the inverse of the relative reflectance. Explicitly, 
both major RAS peaks of the P-rich GaP(100) surface were also affected signifi-
cantly (Figure 57, Figure 59). For a worst case scenario (not shown here), we cal-
culated an impact on the APD quantification via the comparison to the homoepi-
taxial reference of up to ±20% APD content just due to inadequate normalization 
(still neglecting additional optical anisotropies in the heteroepitaxial samples). In 
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Ref. [30], we applied a sophisticated, indirect referencing procedure, when com-
paring an especially prepared single domain GaP/Si(100) film with another 
GaP/Si(100) film of identical thickness but with an unknown APD content. This 
experimental approach lowered the error limits significantly, but required a pre-
cise control over the preparation and characterization procedure including the 
identical film thickness of two GaP films, one of them completely APD-free, as 
well as extensive data analysis, and the additional ex situ AFM evaluation. In con-
trast, the feasibility of an alternative, straightforward APD quantification proce-
dure with high accuracy depended on the reliable separation of the Fabry-Pérot 
oscillations. An appropriate correction of the RA spectra prior to a comparison 
with the homoepitaxial reference also promised qualified indications, whether any 
significant optical anisotropy regarding either the transmission through the GaP 
film or the reflection at the buried heterointerface actually contributed to the sig-
nal intensity as well. 
The deconvolution of the Fabry-Pérot oscillations required the definition of an 
adequate correction function )(λcorF , which reproduced the interference effects. 
In the given case of identical surfaces for sample and reference, the determination 
of the relative reflectance like in Figure 58 perfectly fulfilled this requisite [43]. 
Standard optical software allowed to obtain this correction function with the 
knowledge of two sample parameters (temperature T  and GaP film thickness d ). 
Besides that, the correction function )d,T,(F)(F splcor
spl
cor λλ =  then still depended 
on the optical data for GaP and Si at the relevant temperatures and, thus, on their 
availability. Instead, we decided to calculate )(F splcor λ  directly from the experi-
mental data according to equation 10. This approach did not require any additional 
measurements, since the acquisition of appropriate experimental data (see above) 
was already part of the measurement. Hence, our route of evaluation avoided the 
explicit determination of absolute reflectance spectra )(Rsplabs λ  and )(Rrefabs λ . We 
obtained a straightforward calculation of the Fabry-Pérot corrected RA spectra 
based on equations 8 and 10: 
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The advantages of the approach included a reduction of the necessary experimen-
tal data input and of the associated error sources. Especially, the calculation of the 
correction function from the identical experiments led to a principal independence 
from the GaP film thickness, such that additional in or ex situ measurements are 
not necessary. The Fabry-Pérot corrected term ><Δ refeff
spl
eff rr /  actually represents 
an ‘artificial’ RA spectrum, whose constituents derived from different measure-
ments conducted at different samples. As desired, only Fabry-Pérot oscillations 
associated to normalization were deconvoluted from the measured data of the het-
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eroepitaxial samples, but the result still contained all potential sources of addi-
tional anisotropy like interface anisotropy. It is also important to note that any 
additional anisotropy would contribute to the measured RAS signal in a proper 
phase relation with respect to the surface anisotropy (see below). So far, we ob-
tained a systematic approach of interference compensation with general applica-
bility and explicitly independent of the film thickness. 
Figure 59 clearly shows the improvement of the in situ RAS quantification of 
APD by the correction of the Fabry-Pérot interferences following the procedure 
described above. Here, the RA spectra of an approximately 30 nm thin GaP film 
deposited on a Si(100) substrate (‘sample’, Figure 59(b), curve with highest peak 
at 2.5 eV) and homoepitaxial GaP(100) (‘reference’, Figure 59(c), curve with 
highest peak at 2.5 eV) were measured at ambient temperature (25 °C) to achieve 
enhanced spectral resolution in comparison to measurement at higher tempera-
tures. Figure 59(a) represents a calculation of the sample’s relative reflectance 
following equation 10. Obviously, the destructive interference of surface and in-
terface reflections around 2.6 eV (Figure 59(a)) influenced the normalization of 
the low energy RAS peak at about 2.4 eV (Figure 59(b)). In consequence, a 
strong, artificial amplification of this RAS feature which is only induced by elec-
tronic transitions in the surface Brillouin zone, occurred, which directly affected 
the APD quantification procedure. Meanwhile, the sharper constructive interfer-
ence at around 3.3 eV (Figure 59(a)) contributed only at photon energies well be-
low the maximum of the high energy RAS peak at around 3.6 eV. Hence, at the 
position of the peak which correlates to the energetic position of the bulk critical 
point E1 transition, the relative reflectance was close to unity. Thus, the maximum 
amplitude of the high energy RAS peak was not significantly affected by the inter-
ference phenomena (Figure 59(a)). However, the consideration was constricted to 
the individual sample, since relatively small variations in the film thickness 
caused potentially decisive shifts of the interferences (see Figure 58). 
According to equation 11, we carried out the correction of the RA spectrum via 
the deconvolution of the relative reflectance (Figure 59(a)). The changes in the 
shape of the spectrum are depicted in Figure 59(b), where the correction result 
(corrected curve) was compared with the uncorrected RA spectrum as measured 
(measured curve). Figure 59(c) shows the resulting improvements of the compa-
rability between the RA spectra from the heteroepitaxial GaP/Si(100) sample and 
the homoepitaxial GaP(100) reference. In analogy to Figure 57, in Figure 59(c), 
the corrected GaP/Si(100) RA spectrum was scaled up to the intensity to the refer-
ence spectrum, resulting in an amplification factor of 96.1=m . According to the 
evaluation of Figure 57 and equation 7, we determined an anti-phase domain con-
tent APDa  of about %.524  on the surface of this sample (Figure 59). The scaling 
tolerance when matching the corrected RA spectrum with that of the reference 
equaled an APD quantification error below %8.0±  (compared to about %12±  
before Fabry-Pérot correction). 
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Figure 59: Measurement of an about 30 nm thin GaP film deposited on a Si(100) substrate in 
comparison to a homoepitaxially grown GaP(100) sample, all conducted at room tempera-
ture (25 °C). (a) Relative reflectance )(λsplrelR  (see text) that was used for correction of the 
Fabry-Pérot oscillations in the measured data of the heteroepitaxial sample reflection. (b) 
Comparison of the originally measured RA spectrum (curve with highest peak at 2.5 eV) and 
the corrected RA spectrum (curve with smaller peak) according to equation 10. (c) Compari-
son of the corrected RA spectrum that was scaled up by a factor of m = 1.94 to fit the refer-
ence RA spectrum taken from an APD free homoepitaxially GaP(100) sample. 
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Besides variations due to statistical noise during measurement, the potential pres-
ence of additional, interface reflection related optical anisotropy according to 
equations (3b and 3c) still remained a conceivable systematic source of the ob-
served quantification error. Insight into the spatial distribution of APDs and into 
variations of their concentration over the sample’s surface requires investigations 
with independent methods providing microscopic resolution such as scanning 
probe techniques such as AFM (section  5.4) and STM) or electron microscopy 
with specific contrast mechanisms such as TEM (section  5.5.5) and LEEM (sec-
tion  5.6). 
5.3.6 Evaluation of the empirical correction scheme  
So far, our analysis of the measured in situ RA spectra of heteroepitaxial 
GaP/Si(100) samples was focused on the evaluation of (i) the APD concentration 
and (ii) the spectral deformation by interferences contained in the normalization. 
In reference to the characteristic spectrum of the well-defined P-rich GaP(100) 
reference, we found adequate compensation procedures for the deconvolution of 
these specific influence factors: 
i. The concept of APD quantification via scaling factors (equation 7) 
based on the preparation of identical surface structures, only dif-
fering in the content of APDs. When measured under consistent 
conditions, the concept corresponds to a relation of the surface 
anisotropies measured at sample and reference given by: 
 
 ref
surfAPD
spl
surf r)a(r Δ⋅⋅−=Δ 21  (12) 
ii. The well-defined relative reflectance (equation 10) applied as cor-
rection function for the normalization induced Fabry-Pérot oscilla-
tions (equation 11). At the homoepitaxial GaP(100) (reference) 
sample, obviously only reflection on the surface occurred, as there 
was no buried interface. Of course, due to identical preparation, 
the surface reflection of the heteroepitaxial GaP/Si(100) sample 
(without interface contributions) should be equal: 
 
 ><=><=>< splsurf
ref
surf
ref
eff rrr  (13) 
Utilizing equation 9(b), we combined the results to obtain a transformation for-
mula between the RA spectra of sample and reference, applicable for arbitrary 
sample structures, which consist of a thin polar film heteroepitaxially grown on a 
non polar substrate. Assuming suitable measurement conditions (see above) and 
an adequate choice of reference (requiring the preparation of an identical surface 
reconstruction) we obtain: 
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Besides the experimental spectra and the correction function, which can be de-
rived from the measurements, equation 14 consisted of just two variable parame-
ters: the actual concentration of APDs at the surface of the heteroepitaxial GaP 
film APDa  and the complex term ( )intint / refsurfspl rrf Δ⋅  which expresses the contribu-
tion of potential optical anisotropy arising due to the interfacial reflection. Corre-
sponding to equation 14, the presence of systematic deviations between the refer-
ence measurement and the corrected and scaled RA spectrum could prove the 
existence of an anisotropy related to the interface reflection. 
5.3.7 Indications for optical interface anisotropy 
The comparison in Figure 59(c) actually formed an instructive example for our 
data analysis. Except for some deviations, the shape of the corrected and scaled 
GaP/Si(100) RA spectrum (Figure 59(c), GaP/Si(100)) agreed very well with that 
of the homoepitaxial reference (Figure 59(c), GaP(100)), which also underlined 
the precise determination of the scaling factor. However, within the region be-
tween about 2.9 eV and 3.5 eV, Figure 59(c) also displays a systematic deviation 
(area between spectra) between correction result and reference: First, the spectral 
difference (area between spectra) begins positive (in the range below 3.3eV, 
marked +Δ ) and then turns negative (beyond 3.3eV, marked −Δ ). Although the 
systematic difference indicated the presence of some additional optical anisotropy 
in heteroepitaxial GaP/Si(100), it only provided indirect access to the origin of 
this RAS contribution. First of all, the optical anisotropies of the surface and the 
interface reflections also interfered during our measurement. Accordingly, the 
development of the phase relation implied modulations of the intensity and of the 
sign of the spectral difference. Regarding the deviation’s change of sign at about 
3.3 eV, either a characteristic feature or just a change in the interference condi-
tions could have occurred at this energetic position. Beyond that, the distinct spec-
tral difference (Figure 59(c)) was arbitrarily normalized to the reflectance of a P-
rich GaP(100) surface and implicitly scaled according to the APD content of the 
film’s surface. Hence, the systematic deviation after the corrected normalization 
strongly indicated some optical anisotropy associated with the interface reflection, 
but provided only limited, indirect access to the actual structure of this RAS con-
tribution so far. 
Potential sources of interface anisotropy [142] could be a specific interface forma-
tion and related electronic transitions. Nevertheless, well-known assumptions of 
interface charges arising due to polar on non-polar epitaxy [29] could lead to po-
tentially anisotropic electro-optical phenomena [180]. Since the lattice parameters 
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of Si and GaP are slightly different and still change with temperature, also strain 
induced optical anisotropy of the pseudomorphic GaP layer (like birefringence 
[179]) has to be considered. Moreover, anisotropic distribution of mesoscopic 
structures [144] including interfacial steps, and anti-phase boundaries could also 
affect the RAS signal. Appropriate variation of parameters such as the GaP film 
thickness, the substrate orientation, and the methodical variation of the nucleation 
procedure in combination with an advanced analysis of the experimental data in 
the course of our current work are supposed to clarify this open question, i.e. the 
origin of the interface related anisotropy. 
5.4 In situ verification of single-domain polar on non-polar epitaxy 
In the following, we will compare results on the APD content of GaP layers grown 
on Si(100) derived from ex situ AFM surface analysis to the results derived from 
in-situ RAS investigation. In order to visualize the APDs via AFM, the 
GaP/Si(100) sample was annealed after growth. Since a preferential desorption of 
GaP occurs in the range of APBs due to the weaker bonding and higher strain, 
annealing results in trenches visible as height contrast in AFM images [28] in 
analogy to anisotropic etching [170]. A comparison with cross-sectional TEM 
investigations was used to prove that the position of the dips in the GaP surface 
indeed corresponded with the location of an APB intersecting the GaP surface 
[28]. Color-coding of the APDs in the AFM images according to their boundaries 
allowed direct quantification of the local APD content within the respective image 
(Figure 60). 
 
Figure 60: AFM characterization of the GaP/Si(100) surface after specific annealing: The 
AFM image (a) identifies APDs by induced height contrast. The transfer to color-coded im-
age (b) highlights the APD content determined to be 3.1%. The marked regions are discussed 
in the main text. 
Extensive AFM characterization showed that the APD content varied with the 
position on the sample’s surface [173]. Even within certain, sufficiently large im-
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ages such as Figure 60, we observed significant variations of the local APD con-
centration. While some areas of the surface appeared completely APD free (Figure 
60, pos. B), other spots displayed rather high concentrations of APDs (Figure 60, 
pos. A). Only few, scattered APDs covered major parts of the measured AFM im-
ages (e.g. Figure 60, pos. C), which reflects the average state and the average APD 
content of the sample discussed here. The observed inhomogeneity of the APD 
distribution on the surface of this specific sample was a result of a Si buffer prepa-
ration, which was intentionally rough. This resulted in an APD structure consist-
ing of differently large APDs during the overgrowth with GaP – depending on the 
Si surface step distance as well as on the angle and the direction of the local sub-
strate misorientation. As the growth conditions were chosen so that the APDs self-
annihilate on {111} or higher index planes, differently large APDs result in differ-
ent layer thicknesses of complete self-annihilations. Hence, after the 40 nm GaP 
layer thickness chosen, only those APDs self annihilated and accordingly did not 
intersect the GaP surface, which had a small enough diameter at their base. 
We evaluated several AFM images regarding their APD content to collect suffi-
cient statistics of the sample in order to overcome the local variations of the sam-
ple (see Figure 60). The analysis led to a mean value of 3.0 % of APDs and a 
standard deviation of 1.8%. The calculation based on the APD coverage obtained 
from 5 AFM images (each in the size of 5x5µm²), which were taken at different 
locations of the surface. The same sample was previously characterized in situ by 
RAS, which addresses larger macroscopic sample spots (see below). The local 
variations observed in Figure 60 enforced extensive AFM analysis in order to ob-
tain a mean value for the APD content with adequate statistics, in particular as the 
choice of growth conditions in this study intentionally yielded an inhomogeneous 
surface structure. While the implicit lateral integration of RAS was in the cm-
range due to the typical probe size of RAS, AFM probes areas within the µm-
scale. So, the lateral variations of the APD content over the surface area were 
rather prominent in AFM images, but they were averaged over the macroscopic 
spot size in the in situ RA spectra (Figure 61). Therefore, RAS yielded a rather 
significant value for the sample’s APD content. 
Figure 61 compares the in situ RA spectra of the GaP/Si(100) sample which was 
subsequently characterized by ex situ AFM (Figure 60) and a APD-free, homoepi-
taxial GaP(100) reference measured at ambient temperature. According to [43], 
the preparation procedure strongly affects the resulting surface structure. Thus, 
identical MOVPE procedures were applied to assure identical atomic surface re-
constructions. In absence of any bulk anisotropy, the reference spectrum origi-
nates only from the atomic configuration of the surface [21]. However, the buried 
GaP/Si(100) heterointerface of the sample gives rise to additional RAS contribu-
tions. Here, we focus on the effects of anti phase disorder and reflections at inte-
rior interfaces. According to Eq. 8, anti phase disorder simply reduces the inten-
sity of the peaks assigned to a specific surface reconstruction. 
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Figure 61: Comparison of the RA spectra measured at an almost single domain heteroepi-
taxial GaP/Si(100) sample (black curve) and at a homoepitaxially prepared GaP(100) refer-
ence (grey). A comparison of the peak heights indicated low anti phase disorder. Differences 
of the peak intensities indicated an uncertainty of the APD content in the order of a small 
percentage. 
Reflections at interior interfaces modify both the anisotropy yx rrr −=Δ  and the 
total reflection )(21 yx rrr +=  in a quite complex manner. The rather good agree-
ment of peak intensities in Figure 61 indicated a nearly APD-free GaP/Si(100) 
film. However, slight deviations between the signals (black and grey curves of 
Figure 61) still permitted a small APD content of the sample’s surface in the order 
of a few percent. Linear scaling to the intensity of the single-domain reference 
could not overcome this uncertainty, since the deviations of the two peaks in 
Figure 61 were of opposite sign. Moreover, ambiguity regarding the actual APD 
content of the sample arose from interferences with the reflection at the buried 
GaP/Si(100) interface (Figure 62), so far neglected in the evaluation.  
To get an impression of the influence of the internal reflection, we calculated the 
relative reflectance according to Eq. 9 shown in Figure 62. Assuming no influence 
of the internal reflection, this ratio should be unity over the whole spectrum. In the 
energy range above 4 eV this is approximately true due to poor transmission 
through the GaP film. Since the absorption coefficient for lower photon energies is 
smaller, a significant fraction of the incident light was reflected at the interface 
and gave rise to interference within the RAS measurement. So, the relative reflec-
tance was unequal to one but varied approximately between 0.6 and 1.6. Due to 
the normalization of the RA spectra via the total reflection (Eq. 7), corresponding 
intensity modulations affected the sample spectrum directly.  
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Figure 62: Relative reflectance of the heteroepitaxial GaP/Si(100) sample shown in Figure 61 
in relation to the homoepitaxial reference calculated directly from the experimental data 
according to Eq. 9. The deviations from unity indicate the interference with the interfacial 
reflection and alter the experimental RA spectra via the normalization of the signal. The gray 
vertical lines indicate the energetic peak positions of the measured GaP/Si(100) RA spectrum 
shown in Figure 61. 
 
Figure 63: Comparison of the measured RA spectrum from the heteroepitaxial GaP/Si(100) 
sample shown in Figure 61 with the “artificial” spectrum (see text) according to Eq. 10, i.e. 
the convolution of the measured spectrum with the relative reflectance. Both peaks slightly 
decrease in intensity, the negative peak more than the positive one. 
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Comparing Figure 61 and Figure 62, the relative reflectance was below unity at 
both peak positions, leading to a slightly underestimated of the APD content by 
direct scaling of the spectrum prior to the interference correction shown in Figure 
63. 
We corrected the interference effects by convoluting relR  to the measured RA 
spectrum [43] (Figure 63). The “artificial” spectrum refsample rrΔ  then exhibited 
slightly less intensity as the reference at both peak positions indicating that the 
sample in fact was not completely APD free. Linear scaling of the corrected spec-
trum by a factor 09.1=m   resulted in accurate matching peak intensities (Figure 
64), which corresponds to an area %7.91=effa effectively contributing to the 
RAS signal. According to Eq. 8, we calculated the fraction of the sample’s surface 
covered by APDs to be %8.0%1.4 ±=APDa . Within the error bars associated with 
both techniques, this value is in excellent agreement to the APD concentration of 
(3.0 +/- 1.8 )%  we obtained by extensive ex-situ AFM investigations. 
 
Figure 64: Complete correction of the RA spectrum from the heteroepitaxial GaP/Si(100) 
sample shown in Figure 61. The convolution of the relative reflectance to the measured RA 
spectrum corrected the interference influence on the normalization. Afterwards, linear scal-
ing of the calculated spectrum compensated signal reduction caused by APDs. The peaks 
intensities now match more accurately. 
Besides the improved agreement of the peak intensities, correction and scaling 
explicitly enlarged the deviation between sample and reference spectrum in the 
energetic range around 3.2 eV (Figure 64). The applied interference corrections 
only affected the normalization of the RA spectrum, without any modification of 
the reflection difference. Thus, any interface anisotropies potentially contained in 
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the interfacial reflection [142,177] still fully accounted to the corrected spectrum 
(black curve of Figure 64). Measurements at different GaP film thicknesses (not 
shown here) indicated a systematical optical anisotropy originating from the 
GaP/Si(100) heterointerface. Here, further studies combined with thorough optical 
simulations are required for a clear analysis of this interface anisotropy. 
5.5 Indirect in situ characterization of Si(100) surface structures 
In this section, we present a concept for the indirect in situ characterization of 
Si(100) substrates regarding the concentration of (2x1) and (1x2) surface recon-
struction domains applying the RAS quantification of APDs on subsequently 
grown III-V layers. In contrast to the technological concept to enhance the self-
annihilation of APBs [28], their strictly straight propagation in growth direction 
conserved the atomic surface structure of the substrate, which was transferred into 
the lateral distribution of the anti-phase disorder in the III-V film. By the example 
of pseudomorphic GaP growth, we show laterally integrating in situ RAS results 
for differently prepared Si(100) substrates in comparison to microscopically re-
solved AFM and TEM measurements regarding the Si(100) surface and the depos-
ited GaP film, respectively. 
5.5.1 Surface structure of the Si(100) substrates 
Since double-layer steps on Si(100) substrates prevent the formation of anti-phase 
disorder in subsequent III-V heteroepitaxy (section  3.7), preparation routines in 
ultra-high vacuum are extremely well-studied and involve vicinal Si(100). Al-
though the influence of atomic hydrogen adsorption is also considered in detail 
[51], the use of hydrogen as typical carrier gas in VPE environments leads to un-
expected results: Kunert et al. [53] report a VPE preparation route inducing a 
preference for double-layer steps for only by 0.1° misoriented Si(100) if tilted in a 
specific direction. Based on their routine, we obtained different atomic surface 
structures as shown in Figure 65 just by the choice of Si(100) substrates which 
essentially only differed in the orientation of the slight off-cut angle.  
The AFM images in Figure 65 show the atomic surface structure of Si(100) sub-
strates after the VPE-preparation which usually preceded GaP deposition (section 
 5.5.2). Only due to the different crystallographic direction of the slight misorienta-
tion, the identical VPE process led to clearly distinguishable results. For any arbi-
trary off-cut orientation different from the {011} directions such as about 30° off 
of [011] on the substrate of type ‘S1’ shown in Figure 65(a), the Si-dimers of the 
(2x1)/(1x2) surface reconstruction of Si(100) can neither run parallel nor perpen-
dicular to the general orientation of the step edges. Hence, the preparation resulted 
in a complex surface structure: the AFM image (Figure 65(a)) shows a configura-
tion of single-layer steps separating triangular shaped terraces arranged in two 
perpendicular directions. Regarding the surface area covered by either of the two 
domains, the image does not show any obvious preference. 
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Figure 65: Ex situ AFM characterization of Si(100) surfaces after identical VPE preparation 
processes applied to about 0.1° misoriented substrates with projection of the off-cut pointing 
either about 30° off from (type ‘S1’) and almost exactly in (type ‘S2’) the [011] direction, 
respectively: While the first configuration (a) led a two-domain surface with complex struc-
ture, but without a clearly recognizable preference, the latter (b) enabled a significant pre-
dominance of the surface area covered by one domain orientation compared to the other one. 
In contrast, a slight off-cut in one of the {011} directions produces a consistence 
of the dimer orientations with general direction of the step edges as depicted in 
Figure 65(b) for a substrate of type ‘S2’ which was tilted by about 0.1° almost 
exactly in [011]: the AFM image (Figure 65(b)) shows very straight step edges 
running from top to bottom which differed by two atomic layers in height. How-
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ever, many small triangular structures of single-layer height appear to be attached 
to the straight edges, but they cover only a small fraction of the total surface area. 
The terraces on the upper side of the straight step edges often appear to reach the 
next one indicating local double-layer step formation. Accordingly, we employed 
Si(100) substrates of type ‘S2’ for the preparation of preferentially double-stepped 
surfaces with a very low fraction of the residual surface reconstruction domain 
(Figure 65(b)) prior to GaP heteroepitaxy. 
5.5.2 Growth conditions for straight propagation of APBs 
The growth of GaP on Si(100) substrates was undertaken in a two step process, 
where first of all a homoepitaxial Si buffer was deposited using vapor phase epi-
taxy (VPE) and the precursor silane and afterwards the III-V semiconductor GaP 
was grown on this buffer. Detailed growth conditions for the Si buffer layer and 
its annealing as well as for the GaP nucleation layer subsequently grown on this 
buffer layer have been given in [28,53,183]. In the following, we will briefly 
summarize the growth conditions resulting in an allocation of the APBs on {011} 
planes. The metal-organic vapor phase epitaxy (MOVPE) of GaP took place in the 
Aixtron AIX 200-GFR reactor system using Pd-purified H2 carrier gas at a reactor 
pressure of 50 mbar. The metal-organic precursors tertiarybutyl phosphine (TBP) 
and triethyl gallium (TEGa) were used for the deposition of the layer, also due to 
the low-temperature decomposition characteristics of these metal organic com-
pounds. Flow-rate modulated epitaxy (FME), where the Ga and P precursor are 
transported to the reactor intermittently, was applied at a temperature of 450 °C in 
order to obtain a defect-free nucleation layer as well as a configuration of APBs 
which reproduces the monoatomic steps at the Si-surface by propagating on {011} 
lattice planes. The temperature has been calibrated to the Al/Si eutectic formation 
at 577 °C. 
5.5.3 Preparation of the P-rich surface reconstruction 
Prior to the in situ optical surface characterization, our samples were subject to 
uncontrolled surface oxidation due to their transport between the remote MOVPE 
reactors through air. Accordingly, we applied a process for the re-preparation of 
their surfaces including oxide removal and in situ RAS controlled formation of the 
well-known P-rich surface reconstruction [43] using purified hydrogen as carrier 
gas at a base pressure of 100 mbar and the precursor TBP at a partial pressure of 
about 0.21 mbar. The supply of a surplus of P during the process was essential to 
the replace the losses due to the formation and evaporation of oxides and to avoid 
disproportionate P evaporation leading to a Ga-rich termination of the surface 
[19,137]. In detail, the reproducible preparation of the P-rich surface reconstruc-
tion on the samples required annealing at 650 °C for five minutes to achieve a 
complete deoxidation and a subsequent cool-down to 300 °C.  The TBP supply 
was switched off at that temperature, but the samples were still covered with ex-
cess P which accumulated at the surfaces during cooling. As described in detail in 
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Ref. [43], this situation is a good starting point for the reproducible preparation of 
the P-rich surface reconstruction, since the excess P-desorption can be monitored 
easily by in situ RAS. The signal intensity successively recovered during careful 
heating to 375 °C and stabilized after about 5 min annealing, when all excess P 
had disappeared from the P-rich reconstructed surface. Finally, the samples were 
cooled to ambient temperature to exclude influences of the measurement tempera-
ture on the quantitative evaluation the RAS data. 
5.5.4 In situ APD quantification of the GaP/Si(100) surface 
Subsequent to identical Si(100) surface preparation as shown in Figure 65, we 
deposited thin pseudomorphic GaP films on both substrate types employing spe-
cial growth conditions [183] for straight propagation of the APBs perpendicular to 
the surface (section  5.5.2). For a quantitative analysis of the domain structure on 
the surface [30], both samples (in the following shortly referred to by ‘S1’ and 
‘S2’ according to the Si(100) substrate type used for preparation) were transferred 
to a remote MOVPE reactor equipped with in situ RAS. Here, the P-rich surface 
reconstruction was re-prepared (section  5.5.3) for the analysis. Since the accurate 
APD quantification versus a principally single-domain GaP(100) surface [43] 
homoepitaxially prepared in the same reactor required a correction for interfer-
ence of the reflection at the GaP/Si(100) heterointerface (section  5.3.5), we first 
recorded the respective relative reflectance spectra shown in Figure 66. 
 
Figure 66: Relative reflectance of heteroepitaxial GaP films grown by the identical process 
involving conditions for straight APB propagation on different Si(100) substrate of the types 
‘S1’ (thin black line) and ‘S2’ (thick grey line). The calculation versus an identically prepared 
homoepitaxial GaP(100) surface visualizes interferences with the interfacial reflection and 
allows precise layer thickness determinations by dielectric simulation of the optical response. 
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Ensured by the identical surface preparation, we expected exactly the same reflec-
tance for all surfaces, but only the GaP/Si(100) samples featured the buried het-
erointerface inducing an internal reflection as a source of Fabry-Pérot type inter-
ference during measurement. Accordingly, the relative reflectance spectra 
calculated versus the GaP(100) reference (Figure 66) show significant oscillations 
below the first direct transition of GaP at about 3.7 eV, and a ratio of approxi-
mately unity above, since most of the light was absorbed before reaching the 
GaP/Si(100) heterointerface. A dielectric model fitted to the optical response of 
our samples enabled a precise layer thickness determination resulting as expected 
in very similar values for both GaP/Si(100) samples (Figure 66) which were pre-
pared by identical processes on different types of Si(100) substrates. Beyond that, 
we required the relative reflectance spectra for the empirical correction [43] of the 
Fabry-Pérot type interference, which affected the normalization of the in situ RA 
spectra shown in Figure 67 and Figure 68. 
 
Figure 67: Quantitative in situ RAS analysis of the anti-phase disorder in the GaP/Si(100) 
film grown on the distinctly two-domain substrate ‘S1’: The measured data (thin black 
curve) required the correction of interferences via the relative reflectance prior to linear 
scaling of the signal (thick black curve) to the intensity of the homoepitaxial reference signal 
(thick grey curve) eventually resulted in the determination of APD concentration of the sam-
ple of about 23.8%. 
In principle, the RA spectrum measured at the sample ‘S1’ grown on the rather 
two-domain Si(100) substrate (Figure 67, thin black spectrum) showed the general 
features attributed to a P-rich reconstructed GaP(100) surface [19,137] (Figure 67, 
thick grey spectrum) including the low-energy peak at about 2.4 eV and the high-
energy peak at about 3.6 eV. However, the observed RAS intensity remained 
clearly below the values associated to the GaP(100) reference due to the oppo-
sitely signed RAS contributions from the APDs [43]. For an accurate quantifica-
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tion of the APD concentration on the surface, we first convoluted the RA spectrum 
of sample ‘S1’ (Figure 67, thin black line) with the respective relative reflectance 
(Figure 66, black line) according to Eq. 8. Linear scaling of the result (Figure 67, 
thick black line) to fit the intensity of the reference (Figure 67, thick grey line) led 
to a required factor of 91.1=m , which according to Eq. 7 indicated about 23.8% 
APDs at the surface. In general, the compared spectra (Figure 67) were in good 
agreement with each other, except for the region between 2.6 eV and 3.3 eV, 
where we expect significant signal contributions due to the optical anisotropy of 
the GaP/Si(100) heterointerface. 
 
Figure 68: Quantitative in situ RAS analysis of the anti-phase disorder in the GaP/Si(100) 
film grown on the predominantly single-domain substrate ‘S2’: The measured data (thin 
black curve) required the correction of interferences via the relative reflectance before linear 
scaling of the signal (thick black curve) to the intensity of the homoepitaxial reference signal 
(thick grey curve) eventually resulted in the determination of APD concentration of the sam-
ple of about 10.3%. 
In direct analogy to the domain analysis of sample ‘S1’ (Figure 67), Figure 68 
shows the RA spectrum measured at sample ‘S2’ (thin black line), the GaP(100) 
reference spectrum (thick grey line) and the fully corrected and scaled result of 
our evaluation according to section  5.3 (thick black line). In contrast to the other 
sample, ‘S2’ was grown on an almost single-domain Si(100) substrate surface 
(Figure 65(b)) and therefore should contain less APDs. Actually, the RAS spec-
trum of ‘S2’ (Figure 68) was significantly more intense than that of ‘S1’ (Figure 
67) and almost reached the GaP(100) reference without amplification. The full 
quantitative RAS evaluation of sample ‘S2’ resulted in a factor of 26.1=m , 
which indicated an APD concentration of about 10.3% at the surface. 
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Beyond the trivial result that an improved Si(100) surface structure prior to het-
eroepitaxy led to a reduction of the anti-phase disorder in subsequently deposited 
GaP layers, our investigation was designed to enable indirect conclusions about 
the substrate surface. Due to the applied GaP growth conditions (section  5.5.2), 
we expected straight propagation of the APBs initiated at single-layer steps of the 
Si(100) substrates perpendicular to the final surface of our GaP/Si(100) samples. 
Hence, the APDs should directly trace the domain structure of the Si(100) surface 
prior to heteroepitaxy without any changes in size or shape. In particular, the in 
situ RAS quantification of the domain area on the final GaP/Si(100) surface was 
simultaneously also indirectly valid for surface reconstruction domains of the ini-
tial Si(100) surface. In spite of the good qualitative agreement with the direct mi-
croscopic analysis in Figure 65, AFM appeared insufficient as quantitative refer-
ence since the information was not only hard to acquire, but probably also subject 
to uncontrolled lateral inhomogeneities of the domain concentration. Instead, de-
tailed structural analysis of the APBs in our heteroepitaxial GaP films by specific 
dark-field transmission electron microscopy techniques provided further evidence 
for their straight propagation perpendicular to the surface. 
5.5.5 Ex situ verification by dark-field TEM analysis 
For an in depth TEM investigation of the defect structure of our GaP/Si(100) films 
[174], {011} cross sectional as well as (100) plan view specimens were prepared 
from the samples after RAS characterization. The Figure 69 and Figure 70 show 
TEM micrographs observed under specific dark-field (DF) imaging conditions, 
which are sensitive to the anti-phase disorder [168] of the samples ‘S1’ and ‘S2’, 
respectively.  
In the plan-view TEM DF (g=(020)) image of sample ‘S1’ shown in Figure 69(a), 
the positions of the APBs can be seen from their dark contrast, since diffraction 
conditions for the plan view case were chosen in a way, that the main phase and 
the anti-phase have the same bright contrast and only the APBs are visible. All of 
them appear as thin and sharp line in the on-axis images which confirmed that 
they run straight through the entire GaP layer – otherwise the dark contrast would 
be blurred. In Figure 69(a) sample ‘S1’ is shown, i.e. a GaP film grown on a 
Si(100) surface, which was prepared by the identical process and on the same sub-
strate type as the one shown in Figure 65(a). It is evident, that the APBs in the 
GaP film exactly trace the single-layer steps of the underlying substrate; conse-
quently, the APDs in the film actually reproduce the Si(100) surface reconstruc-
tion domains prior to heteroepitaxy. In addition, cross-sectional TEM DF 
(g=(002)) images of sample ‘S1’ are also shown in Figure 69: the specimens were 
prepared parallel to the ]110[  (Figure 69(b)) and to the ]011[  (Figure 69(c)) di-
rection, respectively. The diffraction conditions [168] for the cross section dark 
field micrographs were chosen in a way that two different GaP phases show up 
with different contrast (dark/bright), while Si has no contrast conditions.  
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Figure 69: Structural characterization of the sample ‘S1’ by DF TEM: The imaging condi-
tions for the plan-view (a) were chosen to visualize the APBs as dark lines, while the two 
different GaP phases show up with dark/bright contrast in the 1]1[0  (b) and 1]1[0  (c) cross 
sections, respectively. 
Since the APBs did not necessarily run parallel to the viewing direction, different 
domains may superimpose over the specimen thickness during DF TEM observa-
tion. However, both images (Figure 69(b) and Figure 69(c)) show vertical struc-
tures confirming APBs which run straight through the entire GaP layer. 
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Figure 70: Structural characterization of the sample ‘S1’ by DF TEM: The imaging condi-
tions for the plan-view (a) were chosen to visualize the APBs as dark lines, while the two 
different GaP phases show up with dark/bright contrast in the 1]1[0  cross section (b). 
Figure 70 shows DF TEM images of the sample ‘S2’, where – in direct analogy to 
‘S1’ – a GaP layer was grown in FME mode on Si(100). In this case, we used the 
same Si(100) substrate type and surface preparation as shown in Figure 65(b). 
Again, the anti-phase domain structure visible in the plan-view TEM DF 
(g=(020)) image (Figure 70(a)) reproduces the atomic surface structure of the 
Si(100) substrate prior to heteroepitaxy. As expected, the APBs appear as thin and 
sharp lines. Also the cross-sectional TEM DF (g=(002)) image of a sample ‘S2’ 
(Figure 70(b)) confirmed straight APBs running perpendicular to the surface 
through the entire GaP layer. The specimen for Figure 70(b) was prepared in the 
]110[  direction in parallel to the step edges of the Si(100) substrate surface. 
Hence, the viewing direction of the DF micrograph is perpendicular to the step 
edges. According to the applied diffraction conditions, the two different GaP 
phases show up with dark/bright contrast and reveal vertical structures confirming 
straight APB propagation. 
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Both the cross-sectional as well as in the plan-view DF TEM images shown in 
Figure 69 and Figure 70 contain fundamental verifications for straight APB 
propagation, which was expected due to the chosen GaP growth conditions (sec-
tion  5.5.2) and required for the extended interpretation of the in situ APD quantifi-
cation results (section  5.3.5) as a measure for the concentration of Si(100) surface 
reconstruction domains prior to heteroepitaxy. The qualitative comparison of the 
atomic surface structure of VPE-prepared Si(100) substrates as observed by AFM 
(Figure 65(a) and Figure 65(b)) with the APD structure of GaP films grown on the 
same substrate types as observed by TEM (Figs. Figure 69(a) and Figure 70(a)) 
yields very good agreement of the involved microscopic structures. The observa-
tion of very small APDs distributed over the terraces by TEM confirmed the ab-
sence of APB self-annihilation due to their straight propagation. However, their 
microscopic origin on the Si(100) surface was not resolved by our ex situ AFM 
measurements and requires dedicated investigation in future experiments. 
5.6 Lateral resolution of anti-phase disorder on III-V/Si(100) surfaces 
Among the established APD characterization techniques, only dark-field TEM 
provides a domain-type-sensitive resolution of APDs. However, due to the con-
straints of typical TEM specimen sizes and destructive sample preparation, de-
tailed investigations of the spatial distribution of anti-phase disorder on 
mesoscopic scales with TEM and a correlation between the microscopic distribu-
tion of APDs as resolved by TEM and their overall concentration as measured by 
RAS are hardly possible. In this section, we describe our application of low en-
ergy electron microscopy (LEEM) for a characterization of anti-phase disorder in 
III-V films grown on Si(100) [175]. The utilized contrast mechanism in LEEM is 
based on the mutually orthogonal crystallographic orientations of the recon-
structed surface domains, which reflect the anti-phase disorder in the GaP film. 
With this destruction-free method areas of several µm in diameter are easily im-
aged. Systematic characterization of APD disorder and representative inspection 
of III-V films on Si(100) have become possible by our new approach. 
For our LEEM measurements we grew a thin GaP film of 40 nm thickness on a 
slightly misoriented Si(100), without suppressing anti-phase disorder in the film. 
In situ RAS control of the preparation in a MOVPE reactor according to Ref. [43] 
ensured the formation of the well-defined P-rich surface reconstruction. Directly 
after deposition, the sample was rapidly transferred to ultra-high vacuum (UHV), 
loaded into an actively pumped transfer chamber [13] and transported to a remote 
LEEM where it was introduced via a dedicated load lock. Since the pressure in the 
sample environment never exceeded the low 10-9 mbar range, this effort ensured 
the protection of the prepared P-rich surface reconstruction against contamination. 
Eventually, the LEED pattern observed with the microscope [Figure 71 (inset)] 
after transfer confirmed the expected two-domain surface reconstruction. 
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The microscope is operated with a parallel electron beam for simultaneous illumi-
nation of the whole field of view. The use of electrons with low primary energy in 
LEEM (0 – 30 eV) ensures high surface sensitivity [25]. An aperture in the dif-
fraction image plane allows the selection of specific diffraction spots of the ob-
served LEED pattern for the generation of magnified surfaces images. In the pre-
sent study we used a reconstruction specific contrast mechanism for surface 
imaging of the heteroepitaxial GaP/Si(100) film: dark-field imaging employing 
higher-order diffraction spots for the discrimination of the APDs on the surface 
[26]. For surface imaging of the APD structure we selected the half-order diffrac-
tion spots of the respective domain orientation from the LEED pattern (inset of 
Figure 71) to achieve dark-field contrast between the mutually perpendicularly 
oriented reconstruction domains. With dark-field imaging we achieved a domain 
contrast ratio ( )]101[]011[]101[]011[ IIIIC +−=  of up to C = 0.65. ]011[I  and ]101[I  
denote LEEM intensities from surface areas with the respective domain orienta-
tion and with the terminating P-dimers directed in ]011[  and ]101[  direction, 
respectively. We expect that this contrast ratio still can be increased to a value of 
about 1 by suppression of the secondary electron background in our LEEM im-
ages.  
Figure 71 demonstrates the applicability of LEEM for a laterally resolved investi-
gation of APDs in heteroepitaxial III-V layers on Si(100). Changing the imaging 
conditions by selection of the respective half-order diffraction reflex we obtained 
nearly complementary images highlighting the surface areas with the P-dimer 
oriented parallel [Figure 71(a)] or perpendicular [Figure 71(b)] to the ]011[  direc-
tion. As expected, the superposition of the bright areas of the two complementary 
dark-field images covers nearly the entire field of view. Only a few smaller re-
gions of elliptical shape encircled in Figure 71 remain dark independent of the 
dark-field imaging condition. In the vicinity of these defects a remarkable varia-
tion of the lateral APD arrangement in the GaP film occurred in comparison with 
the majority of the surface far from these spots. 
Most regions of the surface appear very similar to the lower left half of the dark-
field image pair in Figure 71: the parallel alignment of alternating domains re-
flects the terrace structure of the substrate. The average domain periodicity of the 
GaP/Si(100) surface of about 70 nm agrees with the average terrace width of a 
Si(100) substrate with 0.1° misorientation. The upper right half of the images in 
Figure 71 shows defects (encircled dark spots) which obviously affect the surface 
structure in their vicinities: in contrast to the striped terrace pattern far away from 
the defects, APDs in the proximity of the defects have larger lateral extensions 
and are arranged in target-like patterns around the defects.  
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Figure 71: Phase-selective LEEM images (Ep = 10.2eV) of anti-phase disorder in a heteroepi-
taxial GaP/Si(100) film: dark-field imaging with the characteristic (½ 0) (a) and (0 ½) (b) 
diffraction reflexes (see inset for LEED pattern at Ep = 9.7eV) results in high contrast of the 
respective domain orientations. Encircled spots can not be attributed to neither of the 
phases. 
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Figure 72: Comparison of a typical LEEM image (a) with a plan-view TEM image (b) of the 
same GaP/Si(100) sample, both in a respective dark-field mode for the observation of anti-
phase disorder. The inset in (a) shows a section of the properly scaled TEM image (b) super-
imposed on an arbitrarily selected area of the LEEM image for comparison of the imaged 
structures. 
As the alternating sequence of terraces with (2x1) and (1x2) surface reconstruc-
tions of the Si(100) substrate initiates the growth of anti-phase disorder in epi-
taxial GaP films [29], we suspect that the defects responsible for the defect pat-
terns in our LEEM images of the GaP surface have been present on the initial 
Si(100) surface prior to GaP deposition. Although the dark-field contrasts applied 
for APD characterization in LEEM and TEM are based on completely different 
mechanisms, both techniques provide domain–type-sensitive imaging of 
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GaP/Si(100) anti-phase disorder with high contrast. After completing the LEEM 
measurements, TEM images from the same sample were obtained. Figure 72 dis-
plays a comparison between LEEM and TEM dark-field images with APD. Both 
images show very similar structures which are typical for surface areas distant 
from the defect structures, but at different length scales. The achieved TEM reso-
lution exceeds that of LEEM by almost two orders of magnitude. Consequently, 
TEM resolves details of the anti-phase distribution much more clearly. However, 
TEM requires an elaborate and destructive specimen preparation which limits the 
available field of view drastically. In contrast, LEEM enables a non-destructive 
sample evaluation by which, in principle, the whole surface area can be accessed. 
Regarding the contrast mechanism for APD visualization, in TEM one uses phase-
selective dynamical scattering within the GaP film [168], while the interpretation 
of LEEM images relies on the straight-forward identification of APDs via the 
crystallographic orientation of the local surface reconstruction [26]. Hence, LEEM 
is applicable for APD investigations at any stage of the deposition beginning from 
the first monolayers. Compared to scanning probe microscopy, LEEM is a fast 
imaging method suitable for non-invasive inspection of III-V/Si(100) surfaces and 
for in situ observation of post-deposition processes such as annealing procedures. 
In future studies, the suppression of the secondary electron background by an en-
ergy filter should improve both phase contrast and image quality significantly. 
Future experiments will particularly address quantitative analysis of III-V/Si(100) 
anti-phase disorder on different length scales by LEEM, comparison to in situ 
RAS results, and a more detailed investigation of defects and their relation to the 
growth conditions during sample preparation. 
5.7 Evaluation of the GaP/Si(100) heterointerface 
The RAS signatures of thin, pseudomorphic GaP films heteroepitaxially grown on 
Si(100) differ significantly from those observed at identically P-rich prepared 
GaP(100) surfaces: 
i. The presence of anti-phase disorder on the heteroepitaxial GaP/Si(100) surface 
is expressed by the presence of minority surface reconstruction domains with 
mutually perpendicular dimer orientation. A linear reduction of the RAS inten-
sity is expected, which can be exploited for in situ quantification of the APD 
content at the surface. 
ii. The normalization of GaP/Si(100) RA spectra is subject to interference with 
an additional reflection induced by the buried heterointerface. Hence, the 
shape and intensity of the RAS signatures are altered by layer thickness de-
pendent oscillations, but can largely be restored by an empirical correction 
function. 
iii. The GaP/Si(100) heterointerface itself potentially defines a supplementary 
source of optical anisotropy, which could explain further modifications visible 
in the respective RAS data. 
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Figure 73: In situ RA spectra of three GaP/Si(100) samples with different GaP film thickness 
and a homoepitaxial GaP(100) reference. The MOVPE process ensured the formation of a P-
rich reconstruction of all surfaces.   
Figure 73 shows the comparison of the RA spectra of three GaP/Si(100) samples 
with different film thicknesses and a homoepitaxial GaP reference spectrum. The 
preparation of all samples was aimed at ensuring comparability of the RAS data: 
using the same Si(100) substrate type, absolutely analogous MOVPE processes 
and the identical scheme for the reliable preparation of the P-rich surface recon-
struction and ensuring measurement in a single sequence also including the identi-
cally prepared GaP(100) reference surface. The whole effort was dedicated to the 
investigation of the GaP/Si(100) interface anisotropy by advanced data analysis. 
In the following, we present an empirical evaluation of the shown RA spectra 
leading to an estimation of the interface contributions contained in the data on the 
one hand, and calculations of surface and interface dielectric anisotropies (SDA 
and IDA, respectively) based on the analysis of our RAS data employing a three-
layer model developed by Yasuda et al. [184], which was extended for appropriate 
consideration of anti-phase disorder. 
5.7.1 Empirical evaluation 
The empirical correction of the impact of optical interference on the normalization 
of RAS signals requires the determination of the relative reflectance spectra of the 
respective samples in comparison with an adequate reference surface. Figure 74 
shows the relative reflectance spectra )100()100(/ / GaPSiGaP RR  of all three GaP/Si(100) 
samples in reference to the data of the homoepitaxial GaP(100) surface as well as 
fitted curves according to optical simulations.  
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Figure 74: Experimental relative reflectance spectra derived from the data set shown in 
Figure 73 (colored lines) and thickness dependent fit by an optical model (black lines).   
 
 
Figure 75: Empirical in situ RAS APD quantification applied to sample S3. After correction 
of the measured RA spectrum using the corresponding relative reflectance spectrum (Figure 
74), empirical amplification of the intensity (blue) to match the intensity of the GaP(100) 
reference (black) estimates the APD concentration of the sample. Residual deviations of the 
sample spectrum (violet and green) potentially indicate optical anisotropy of the GaP/Si(100) 
heterointerface. 
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We used the dielectric data of Ref. [182] and the epitaxial GaP film thickness filmd  
as a parameter to fit the simulation with the experimental data. The resulting layer 
thicknesses for the samples S1, S2, and S3 are 1d =17.7nm, 2d =33.6nm, and 
3d =56.7nm, respectively. The good agreement between experiment and optical 
simulation confirmed the empirical approach to apply the relative reflectance 
spectra as correction function for the RAS data.  
As an example for the empirical quantification of APDs on III-V/Si(100) surfaces, 
Figure 75 shows the evaluation of the RA spectrum of sample S3. After applica-
tion of its relative reflectance spectrum as correction function for interferences in 
the normalization, the resulting spectrum was scaled to fit the GaP(100) reference 
spectrum. According to Eq. 7 the required amplification factor m determines the 
APD concentration on the surface. By evaluation of all samples, we determined 
empirical values of (19.7±3.3)% , (22.5±1.4)% and (19.3±1.2)% for the sample 
S1, S2, and S3, respectively. The indicated deviation ranges reflect scaling uncer-
tainties associated with imperfect agreement of the shape of the respective sample 
spectra with the GaP(100) reference. Systematic deviations are clearly visible in 
Figure 75 and appear to oscillate around the reference spectrum. If these contribu-
tion actually could be attributed to GaP/Si(100) interface anisotropy, the oscillat-
ing behavior would reflect alternating interference conditions between the optical 
anisotropy contributions of surface and interface.  
 
Figure 76: Deviation of the GaP/Si(100) RAS spectra shown in Figure 73 from the GaP(100) 
reference spectrum (black) after full empirical correction.  
Hence, the difference of the fully corrected sample spectra and the GaP(100) ref-
erence spectrum has to be considered as a complex derivative of the optically ani-
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sotropic interface contribution which is convoluted with experimental errors and 
modified by the empirical evaluation. Figure 76 depicts the spectral difference, 
which was attributed to our samples by empirical evaluation, and the GaP(100) 
reference spectrum for comparison of the magnitude. Since the signals are subject 
to the above-mentioned qualifications and ambiguous signing due to interference, 
the obtained information remains questionable. However, all spectral differences 
begin at zero signal for lower energies. The sharp features at about 2.4 eV might 
be due a strain-induced shift of the first peak of the surface signal. Starting at 
about 2.7 eV, the absolute value of all signal appears to rise up to a sharp change 
of the sign at about 3.3 eV. Beyond the onset of absorption at the critical point 
energy of GaP at about 3.7 eV less light reaches the GaP/Si(100) heterointerface 
and the signal is largely determined by noise. Since the described behavior could 
either be an indication about the actual anisotropy of the GaP/Si(100) or just pure 
coincidence, we started optical calculations to derive the proper interface signal 
from the identical set of data. 
5.7.2 Optical calculations 
In general, RA spectra rrΔ  measured at a thin film structure of thickness filmd  
contain signal contributions from different sources of optical anisotropy, including 
those from the surface sfsf rrΔ , the interface ifif rrΔ  and the bulk nΔ  of the film. 
The dielectric model of Yasuda [184] suggests to express the anisotropies as small 
deviations from the (complex) three-layer reflection coefficient r . First calcula-
tions (not shown here) confirmed a negligible contribution of the bulk anisot-
ropy nΔ  of our GaP films on Si(100). Hence, we express the RAS signal accord-
ing to Ref. [185] in terms of dielectric anisotropy attributed to the surface and to 
the interface: 
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Both the surface dielectric anisotropy (SDA, sfd )( εΔ ), and the interface dielectric 
anisotropy (IDA, ifd )( εΔ ) are unknown variables. Due to the thickness of our 
heteroepitaxial GaP films on Si(100), we can assume that the anisotropies located 
at the surface and interface are well-separated and independent of the layer thick-
ness filmd . Hence, a set of two of our samples differs only in the value of filmd  and 
defines an equation system base on Eq. 15 for each one, which can be solved to 
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derive both anisotropy contributions sfd )( εΔ  and ifd )( εΔ  without fitting or fur-
ther assumptions about their physical origin. 
5.7.2.1 GaP/Si(100) surface anisotropy 
However, in contrast to the materials studied in Ref. [184], we have to consider 
the effect of anti-phase disorder induced by III-V/Si(100) heterointerfaces. As 
discussed above for the empirical model, APDs on the GaP/Si(100) surface reduce 
the intensity of the RAS signal due to mutually perpendicular dimer orientations 
of the P-rich reconstruction and lateral integration on a cm scale associated with 
the measurement [43]. Therefore, the approach was extended by accounting for 
the APD concentration by a linear scaling factor in direct analogy to Eq. 7 [176]. 
In contrast to the empirical model used so far, we do not apply the amplification to 
the total measured spectra, but more correctly only to the SDA by replacing 
)(),(ˆ)( 1 filmfilmsffilm dAmmdAdA
−
=→  (16)
As a first approach, we use the empirically obtained APD-concentration as addi-
tional input parameters for the calculation of SDA and IDA according to Eq. 15 
employing all three possible combinations of input RAS data measured at the 
samples S1, S2, and S3. 
 
Figure 77: Calculated surface dielectric anisotropy (SDA) of GaP/Si(100) derived by calcula-
tion of Eq. 15 for sets of two samples and input of empirical APD amplification factors in 
comparison to the reference SDA of GaP(100).   
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Figure 77 shows the imaginary parts of the resulting SDA spectra, which should 
correlate with the measured RAS data, since )Im()Re( εΔ∝Δ drr for λ<<d  
[186]. As expected according to the identical preparation of the well-order P-rich 
surface reconstruction, the shape of the SDA is very similar for all three data set 
combinations and agrees very well with the SDA GaPd )( εΔ  of the measured ho-
moepitaxial GaP(100) reference.  
5.7.2.2 Calculation of the APD content of the GaP/Si(100) surfaces 
The confirmation of the consistency between the SDAs sfd )( εΔ calculated from 
the samples with GaPd )( εΔ  of the GaP(100) reference enabled us to carry out fur-
ther modifications of our calculation approach. For a direct derivation of the APD 
concentrations, we kept the APD concentrations of the samples variable, which is 
expressed by ),()()( lksfsf mmdd εε Δ=Δ  using sample specific amplification fac-
tors m . Giving the equation system of twice Eq. (15) for different sets of samples 
{ lk, }, we determined both factor { lk mm , } simultaneously by numerical minimi-
zation of the difference ),()()( lksfGaP mmdd εε Δ−Δ  by a least square fit. We ex-
pect more precision by this approach, since amplification of the SDA only cor-
rectly reflects the physical situation of mutually perpendicular surface 
reconstruction domains. 
 
Figure 78: Calculated surface dielectric anisotropy (SDA) of GaP/Si(100) derived by calcula-
tion of Eq. 15 for sets of two samples and fit of the output SDA to that of GaP(100) using the 
APD concentration of the respective samples as fitting parameters. 
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In addition, the concept qualifies for implementation as automated algorithm for 
deriving the APD concentrations at the GaP/Si(100) surfaces without any empiri-
cal input. Averaging the output APD concentrations for each sample, we obtained 
(22.5+-1.3)%, (25.8+-0.9)% and (13.0+-0.1)% for S1, S2, and S3, respectively. 
Figure 78 shows the resulting SDAs, which were simultaneously obtained by the 
calculation of the APD concentrations, for all three possible data combinations in 
comparison to the GaP(100) reference. Despite a slight red shift of the position of 
the first peak relative to the homoepitaxial reference, very good agreement of the 
SDAs in Figure 78 was obtained by the fitting procedure. We suppose the red shift 
to be caused by the accumulation of strain in our pseudomorphic GaP films, which 
potentially shifts the energy gap of the anisotropic surface state transition that is 
associated with this peak [21]. We currently plan to support further investigations 
of this effect by measurement of an extensive data set containing samples with 
several different GaP/Si(100) film thicknesses. In general, we obtained very good 
agreement of the SDAs in Figure 78 and the small variance of the APD concentra-
tions when calculated by different data sets. Hence, the results confirm correct 
determination of GaP/Si(100) SDAs sfd )( εΔ by our modified approach consider-
ing anti-phase disorder.  
5.7.2.3 GaP/Si(100) interface anisotropy 
Corresponding to the SDA spectra shown in Figure 78, the calculation simultane-
ously resulted in IDA spectra, which are shown in Figure 79. In all cases, the 
IDAs attributed to each data set of data consisting of the RA spectra of two sam-
ples, respectively, feature a small, increasing contribution between about 2.3 and 
3.1 eV. Beyond the critical point energy, the noise of all IDA spectra increases 
significantly due to the onset of adsorption, which affected samples with higher 
film thickness most. While the IDA line shapes for all data sets are in good 
agreement, the amplitude of the IDA differs.  
To obtain more detailed results for the GaP/Si(100) IDA, we applied further modi-
fications to our calculation approach, which correspond to findings gained so far. 
Up to this point, we used the GaP(100) for correct scaling only, but in the follow-
ing, we replace the SDA of the samples sfd )( εΔ by the SDA of the homoepitaxial 
GaP(100) reference GaPd )( εΔ , which enables us to solve Eq. 15 directly with the 
RAS data of a single GaP/Si(100) sample and allows us to derive the correspond-
ing IDA individually: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
Δ⋅−Δ=Δ − GaP
SiGaP
SiGaP
if dAmr
r
B
d )(1)( 1
/
/ εε  
(17)
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Figure 79: Calculated interface dielectric anisotropy (IDA) of GaP/Si(100) simultaneously 
derived by calculation of the SDA data shown in Figure 78. Due to excessive noise in the 
IDAs caused by absorption above the critical point energy of GaP at about 3.7 eV, the data is 
only shown up to 4.0 eV and one spectrum (green) had to be cut even earlier.  
 
Figure 80: Calculated interface dielectric anisotropy (IDA) of the individual GaP/Si(100) 
samples shown in Figure 73. The IDAs were derived by solving Eq. 15 using the GaP(100) 
reference SDA, individual RAS spectra of the respective samples and the derived amplifica-
tion factors as input parameters. Due to excessive noise in the IDAs caused by absorption 
above the critical point energy of GaP at about 3.7 eV, the data is only shown up to 4.0 eV 
and two spectra (green and blue) had to be cut even earlier. 
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Since we do not calculate the corresponding SDA, this approach does not allow 
deriving APD concentrations. Instead, we use the values obtained via the least 
square fit leading to the results shown in Figure 78 and Figure 79 as input parame-
ters. 
The obtained IDA results are depicted in Figure 80. Again, the small oscillations 
around the energetic position of the minimum RAS peak at about 2.4 eV most 
probably are caused by a small red shift of the SDA of the GaP/Si(100) surface 
relative to the GaP(100) reference, which is not considered in our calculations so 
far. The effect appears more pronounced in Figure 80 compared to Figure 79 due 
to the different input data (sample and reference vs. two samples with slightly 
different film thickness). Apart from that feature, the IDA attributed to samples S1 
and S3 agree fairly well, while the IDA of sample S2 appears to feature signifi-
cantly lower intensity. Experimental errors and imperfections of the data process-
ing such as the baseline correction are issues, which may cause significant distor-
tion of the IDAs the complex evaluation. However, if anti-phase disorder also 
affects the optical anisotropy of the interface, linear scaling of the IDA in analogy 
to the SDA could occur. Based on this assumption, the data shown in Figure 80 
could directly indicate the quality of the GaP/Si(100) interface preparation of the 
different samples, and, in particular the APD concentration at the interface. Actu-
ally, the in situ RA spectra of the monohydride terminated Si(100) surfaces prior 
to GaP heteroepitaxy (not shown here) appear to support this hypothesis, which 
requires extensive validation by future experiments. 
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6 Conclusion 
The formation of anti-phase disorder during MOVPE growth of pseudomorphic 
GaP films on Si(100) substrates served as a lattice matched model system for the 
crucial III-V/Si(100) interface. A variety of surface-sensitive methods was applied 
to establish suitable Si(100) substrate preparation and subsequent GaP growth free 
of anti-phase domains (APDs), by analyzing the substrate surface, the interface 
and the epitaxial film resulting from the heteroepitaxial process. We studied ther-
mal removal of native and protective wet-chemical SiO2 layers from Si(100) sub-
strates in a MOVPE reactor by means of XPS and required annealing at a surface 
temperature of 950°C for reliable deoxidation in a hydrogen ambient. This critical 
surface temperature for oxide removal was significantly higher than that in estab-
lished UHV procedures and could be decreased by lowering the process pressure 
or by supplying silane, while a slight increase in argon-based processes was ob-
served and the alternative use of nitrogen as process gas induced silicon nitride 
formation. Using LEED, STM and AFM, we found distinct two-domain 
(2x1)/(1x2) reconstructions with an equal distribution of smooth SA type and 
frayed SB type monolayer steps on Si(100) samples with 0.1° and 2° off-cut. In 
contrast, the prevalence of a single domain and a significant fraction of double 
layer DB steps were detected on 6° surfaces. We were able to obtain Si(100) sur-
face structures with DA-like steps by the growth of a homoepitaxial buffer layer 
even on 0.1° misoriented samples. However, in most places, high resolution STM 
images revealed intermediate SB steps only a few dimers long. Dependent on the 
rate of cooling, we also observed DA-like steps on the 2° Si(100). Although inter-
mediate SB steps were visible, in several places true DA steps seemed to prevail. 
Since our findings contradict established UHV results for Si(100) surfaces with 
and without hydrogen coverage, we investigated the interaction of hydrogen from 
the process ambient with the Si(100) surfaces. ATR mode FTIR spectra showed 
the characteristic coupled stretch modes of H-Si-Si-H dimers and tip-induced 
STM desorption experiments confirmed a complete monohydride termination 
after processing. However, in situ RAS characterization at typical surface prepara-
tion temperatures indicated effectively hydrogen free Si(100), since desorption 
processes probably outbalance hydrogen adsorption.  
The in situ analysis of heteroepitaxial GaP films on Si(100) requires a detailed 
understanding of the surface reconstruction mechanisms involved. The atomic 
structure of P-rich reconstructed GaP(100) typical for MOVPE preparation was 
characterized by STM. The images resolved rows of alternatingly buckled H-
stabilized P-dimers arranged either in phase or out of phase, which refer to (2x2) 
and c(4x2) domains of the surface reconstruction, respectively. The investigations 
revealed a dimer flipping mechanism, which could also be found on P-rich pre-
pared InP(100). Flipping events switch the tilt of individual dimers and may lo-
cally leed to a transformation between the two possible P-rich surface reconstruc-
tions. In general, GaP(100) and InP(100) surfaces behave very similar, in 
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particular during MOVPE preparation using hydrogen as the standard process gas, 
but we found and characterized an additional surface reconstruction regime for 
preparation nitrogen preparation of GaP(100), which does not exist for InP(100). 
To permit quantitative signal analysis, the impact of changes of the sample tem-
perature as well as the reconstruction and the atomic order of the GaP(100) sur-
face on the assigned RAS signatures were considered in separate experiments. 
Optical in situ spectroscopy was established as a method for the quantitative 
evaluation of the APD content in GaP heteroepitaxy. The evaluation of the APD 
content of a distinctly two-domain GaP/Si(100) sample in reference to another 
heteroepitaxial GaP film of equal thickness led to promising agreement with ex 
situ AFM measurements. In contrast, RA spectra of undoubtedly single-domain 
GaP(100) were not directly applicable as reference surface, since interference with 
additional reflections at the GaP/Si(100) heterointerface alters shape and intensity 
of the sample spectra. As shown by detailed signal analysis, the major share of the 
characteristic deviations originates from incorrect normalization of anisotropic 
surface signals. The determination of the relative reflectance of a sample com-
pared to a P-rich prepared GaP(100) reference surface enables application of cor-
responding corrections of the RAS data of heteroepitaxy experiments to obtain an 
accurate APD quantification independent of the GaP film thickness. Extensive 
benchmarking versus microscopically resolving and statistically evaluated ex situ 
reference techniques such as AFM and dark-field TEM confirms the reliability 
and accuracy of the in situ RAS quantification of III-V/Si(100) anti-phase disor-
der. Using specific film growth conditions for straight propagation of APBs, we 
simultaneously obtain an indirect in situ quantification of Si(100) surface recon-
struction domains, since the APD structure of a GaP/Si(100) surface directly re-
produces the distribution of surface structure of the Si(100) substrate prior to het-
eroepitaxy as evidenced by combined AFM and dark-field TEM ex situ 
measurements. However, bridging the gap between the local information of such 
microscopically resolving APD characterization techniques on the one hand and 
the macroscopic information of laterally integrating surface characterization tech-
niques such as in situ RAS and LEED on the other hand usually requires extensive 
statistics. LEEM dark-field imaging provides an alternative for direct evaluation 
of III-V/Si(100) anti-phase disorder on a mesoscopic length scale with a non-
destructive surface sensitive microscopy technique. Subsequent to their full em-
pirical correction with respect to interference in the normalization and anti-phase 
disorder, systematic deviations between the RA spectra GaP/Si(100) and 
GaP(100) samples were still observed, in particular in the spectral range around 
3.2 eV. The characteristic differences were attributed to the optical anisotropy of 
the GaP/Si(100) heterointerface. We conducted complex model calculations, for 
which the approach of Ref. [177] was extended for the consideration of anti-phase 
disorder, to separate the contribution of the surface and interface dielectric anisot-
ropies (SDA and IDA, respectively) to the RA spectra of our samples. 
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Current experiments address several various aspects of the present work. The un-
conventional surface structure of VPE prepared Si(100) featuring DA double-layer 
steps is of highest fundamental and technological interest. The reproduction of the 
STM results with variation of the process parameters during preparation might 
reveal details of the formation mechanism. For technological application in the 
field of III-V heteroepitaxy it is important to investigate the concentration of the 
residual minority domain and the reliability of the preparation. With regard to the 
quantitative in situ evaluation of anti-phase disorder, transfer to a different III-V 
on IV will be an important step, conceivable materials combinations are AlP/Si, 
GaAs/Ge and GaInP/Ge, of which the latter is probably of highest interest with 
regard to device applications, in particular for multi-junction photovoltaics. Also 
of fundamental interest is the actual, microscopic structure of the III-V/Si(100) 
interface formed during nucleation. Perhaps, the optical model calculations for 
accurate separation of surface and interface contribution to the optical anisotropy 
observed by RAS will result in some indications, in particular when combined 
with advanced interface sensitive non-linear optical spectroscopy techniques such 
as second harmonic generation. However, thorough surface characterization might 
also contribute significant insight into this issue. Most of the techniques provide 
information about the dimer orientation of the initial Si(100) surface prior to het-
eroepitaxy or of the final GaP/Si(100), some even both. In a very simple model, 
the relation of both dimer orientations signifies the type of polarity at the interface 
established during nucleation. Last, but not least, the application of high quality 
GaP/Si(100) films as a quasi-substrate for device structures is of highest interest, 
but requires either the development of sufficient grading strategies or the utiliza-
tion of challenging dilute nitride materials lattice matched to Si. 
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